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ABSTRACT

This study focuses on the development and optimization of a microfluidic system for
effective separation of carbon microspheres with heterogeneous surface properties.
Traditional microparticle separation methods such as, micro-sieving, centrifugal
separation, and gravity flotation rely only on size and weight differences. To address this
limitation, coated microchannels were employed for the separation process, allowing for
separation of microspheres based on surface heterogeneity. The separation efficiency was
evaluated by analyzing particle flow rates with ImagelJ software, indicating the potential

of this approach for precise particle sorting.

Additionally, diffusion experiments were conducted within a microfluidic chip to
investigate the impact of externally applied electric fields on the diffusion coefficient of
nanoparticles with surface functional groups. The results demonstrated that electric fields
could effectively manipulate nanoparticle diffusion, facilitating nanoscale particle

separation.

Further, a computational model was developed using ANSYS Fluent to simulate the
diffusion behavior of nanoparticles under varying electric field strengths. The model was
validated against experimental data collected under identical conditions confirming the
reliability of the simulation. This study highlights the potential of microfluidic systems as
versatile platforms for advanced particle separation and nanoscale particle manipulation,
offering significant implications for materials science, biotechnology, and

nanotechnology.

Keywords: Carbon microspheres, Surface chemistry, Microfluidics, Paper based

microfluidics
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CHAPTER 1

INTRODUCTION

Supercapacitors, also referred to as electrical double-layer capacitors (EDLCs), represent
a highly advanced class of energy storage devices that fundamentally differ from
traditional capacitors in their method of energy storage. Unlike conventional capacitors,
which store energy through the accumulation of electric charge on plates separated by a
dielectric material, supercapacitors utilize the electrostatic interactions occurring at the
interface between the electrolyte and the electrode [1], [2]. This unique mechanism,
involving charge separation across an electric double layer, endows supercapacitors with
exceptional capacitance values, significantly higher energy density, and superior power

density.

The evolution of supercapacitor technology has witnessed remarkable advancements,
positioning it as a superior alternative to conventional battery technologies [3]. The
integration of advanced electrode materials and innovative electrolyte solutions has
propelled supercapacitors beyond the performance capabilities of traditional batteries
[4],[5]. This advancement has facilitated the development of energy storage solutions that
offer rapid charge and discharge cycles, high power output, and extended operational

lifespans, making supercapacitors indispensable in a variety of modern applications [6],

[7].

In the realm of energy storage, devices such as batteries, capacitors, and supercapacitors
serve distinct functions, each characterized by unique performance attributes [8].
Supercapacitors, however, have garnered significant attention due to their exceptional
attributes, including rapid charge-discharge capabilities, high power density, long cycle

life, and a broad operating temperature range [9].

These characteristics render supercapacitors particularly valuable in applications requiring

swift energy delivery and robust performance. Their deployment as energy reservoirs in



machinery plays a crucial role in stabilizing the output of electronic equipment, thereby

enhancing the overall efficiency and reliability of these systems [5].

Additionally, supercapacitors are integral components in electronic devices such as
uninterruptible power supplies (UPS) and volatile memory backups in personal computers
(PCs), underscoring their versatility and critical importance in contemporary electronic

systems.

1.1 Carbon materials as electrode materials for supercapacitors

Carbon, recognized as one of the most abundant and versatile elements on Earth, plays a
pivotal role in the development of electrode materials for supercapacitors. Carbon-based
materials, including carbon microspheres, activated carbon, carbon fibers, and carbon
nanotubes, are extensively utilized due to their outstanding electrical conductivity, high
surface area, and favorable electrochemical properties [10], [11]. Among these materials,
carbon microspheres have emerged as a particularly promising choice for supercapacitor
electrodes. The spherical morphology of carbon microspheres provides a substantial
specific surface area, which is crucial for enhancing the electrochemical performance of
supercapacitors [ 12]. Furthermore, carbon microspheres exhibit high specific capacitance
and excellent capacitance retention, making them highly suitable for advanced

supercapacitor applications.

The performance characteristics of carbon-based materials in supercapacitors are
significantly influenced by their intrinsic chemical and physical properties. These
materials exhibit definite heterogeneity, with variations in size, weight, and surface
characteristics [13], [14]. Critical surface properties, such as the availability of surface
functional groups, surface roughness, porosity, and surface wettability, play decisive roles

in determining the overall electrochemical behavior of the electrode material [15].

The optimization of these properties is essential for maximizing the efficiency and
performance of supercapacitors. Research in the field of supercapacitors continues to
focus on the development and optimization of carbon-based electrodes to achieve higher
energy densities, improved power densities, and longer cycle lives [16], [17]. Innovations

in material synthesis, surface modification, and structural engineering are pivotal in



advancing the performance of supercapacitors. Supercapacitors represent a cutting-edge
solution in energy storage technology, distinguished by their high capacitance, energy

density, and power density [18], [19].

1.2 Heterogeneity of carbon microspheres

The heterogeneity of carbon microspheres, a key consideration in supercapacitor electrode
design, arises from variations in size, weight, and the presence of diverse surface
functional groups [20], [21]. Such differences contribute to the complex and non-uniform
nature of these materials. Notably, the presence of oxygen-containing functional groups
can impede the efficient migration of ions into the micro pores of the carbon structure. A
high concentration of these oxygen functional groups increases the contact resistance,

consequently reducing the overall conductivity of the carbon surface [22].

The availability and distribution of functional groups on the surface of carbon
microspheres lead to significant alterations in surface chemistry, resulting in
heterogeneous surface properties. This heterogeneity contributes to an uneven electrical
charge distribution within the pores of the carbon microspheres, thereby limiting the
overall energy storage capacity [23], [24]. Additionally, this uneven charge distribution
can adversely affect the reproducibility and cycle stability of the supercapacitor, as the
non-uniform surface characteristics can lead to inconsistent performance over repeated

charge-discharge cycles [25].

Given these challenges, there is a strong preference for homogeneous electrodes in
supercapacitor applications. Homogeneous electrodes, characterized by a uniform
distribution of surface properties, facilitate smoother charge distribution across the
electrode surface. This uniformity is crucial for achieving high energy density, as it

ensures efficient ion migration and reduces internal resistance.

Consequently, the use of homogeneous electrodes enhances the overall performance,
stability, and longevity of supercapacitors, making them highly desirable for advanced

energy storage applications.



1.3 Separation of heterogeneous carbon microspheres

Efficient separation of carbon microspheres, which possess heterogeneous properties, is
essential to mitigate uneven charge distribution within carbon-based materials. Size
separation of these materials is commonly achieved through a variety of methods,
including filtration, centrifugal separation, gravity flotation, inertial forces, and magnetic
forces [26]. However, the separation of microspheres that share similar sizes and weights

but differ in surface properties poses a significant challenge.

This aspect of separation is critical, as it directly influences the energy storage efficiency
of supercapacitors. Addressing this challenge is vital for enhancing the performance and
reliability of supercapacitors, necessitating advanced separation techniques that can

discriminate based on subtle differences in surface chemistry [27].

1.4 Background of the research

Affinity-based separation is a useful technique for separating carbon microspheres based
on their surface properties, which can significantly enhance their performance in
applications like supercapacitors. The development of miniaturized on-chip liquid
chromatography (LC) systems has garnered significant interest due to their enhanced

reproducibility, robustness, and potential for high-throughput analysis.

Compared with on-chip electrophoresis, on-chip LC separation also shows better
reproducibility and robustness. Moreover, this can be easily coupled different of detection

systems, such as mass spectrometry, fluorescent microscopy, and conductivity detectors.

1.4.1 Affinity-Based Separation

Affinity-based separation is a powerful technique that relies on the specific interactions
between ligands and target molecules to achieve selective separation. This method is
widely used in various fields, including biochemistry, molecular biology, and analytical
chemistry, due to its high specificity and efficiency. By employing binding ligands such

as antibodies, aptamers, and metal complexes, affinity-based separation can effectively



isolate specific biomolecules from complex mixtures. A variety of binding ligands can be

used in the preparation of affinity chromatography.

1.4.2 Diffusion behavior of nanoparticles

The diffusion behavior of nanoparticles is a critical phenomenon in microfluidics, with
applications in material science, biotechnology, and nanotechnology. It is the process by
which particles spread from regions higher concentration to those of lower concentration
due to random Brownian motion. For nanoparticles, diffusion is influenced by particle
size, shape, surface charge, and the properties of the surrounding medium, including

viscosity and temperature.

Functionalizing nanoparticles with surface groups complicates their interaction with the
medium, often altering their diffusion characteristics. These functionalized nanoparticles
are particularly relevant in drug delivery, diagnostics, and targeted therapy, where precise

movement control is essential.

The application of external fields can affect the diffusion behavior, and this manipulation
allows precise tuning of nanoparticle transport in confined environments, such as

microfluidic channels, making it a valuable tool for advanced particle handling.

Understanding and predicting diffusion behavior under these influences requires both

experimental and computational methods.



1.5 Problem Statement

Conventional methods for microparticle separation such as micro-sieving, centrifugal
separation, and gravity flotation predominantly rely on size and weight differences. These
approaches can be useful in some applications but fails to adequately separate particles
with heterogeneous surface properties, which are vital in many advanced separation
processes. This limitation hinders the precise separation of micro and nanoparticles in

fields like biotechnology, materials science, and nanotechnology.

Moreover, the diffusion behavior of nanoparticles, particularly those with functionalized
surfaces, is not yet fully understood when subjected to external electric fields. Current
research lacks a thorough examination of how these fields influence the transport and
behavior of functionalized nanoparticles in confined microfluidic environments.
Addressing these gaps is essential for developing advanced microfluidic systems that
enable precise separation and manipulation of microspheres and nanoparticles based on

surface properties and diffusion characteristics.

1.6 Aim and the objective of the research

1.6.1 Aim of the study

The aim of this study is to develop and optimize a microfluidic system for the precise
separation carbon microspheres with heterogeneous surface properties addressing the
limitations of conventional size and weight-based separation methods. Moreover, the
study investigates the influence of externally applied electric fields on the diffusion
behavior of functionalized nanoparticles and develops a computational model to simulate

and predict the diffusion behavior of nanoparticles under external fields.

Further a computational model will be developed to simulate the diffusion behavior of
nanoparticle under external electric fields. This approach seeks to enhance the
understanding and application of microfluidic systems for particle manipulation and

separation in a variety of applications.



1.6.2 Research objectives

This research aims to investigate on mechanisms to separate carbon microspheres based
on their heterogeneous surface properties. Investigations will be directed to fulfil

following objectives.

1. To conduct a comprehensive study on surface characteristics of carbon
microspheres.

2. To develop a separation technique based on surface forces to separate
heterogeneous carbon microspheres using microfluidic systems.

3. To determine the optimum conditions which enable separation of heterogeneous
carbon microspheres based on their surface functional groups.

4. To Evaluate and simulate of the effect of surface forces using dissipative particle

dynamics.



CHAPTER 2

LITERATURE REVIEW

In this chapter, a comprehensive review of supercapacitors as energy storage devices,
carbon as electrode materials for supercapacitors, methods of separation of heterogeneous
carbon microspheres and behavior of carbon microspheres in microfluidic systems are

reported.

2.1 Supercapacitors as Energy Storage Devices

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, are
advanced energy storage devices that merge the high-power density and rapid
charge/discharge capabilities of traditional capacitors with the high energy storage
capacity of batteries [28], [2]. This combination makes them uniquely suited for
applications requiring quick bursts of energy and long-term reliability. Supercapacitors
store energy through electrochemical processes at the electrode-electrolyte interface,
enabling them to achieve significantly higher energy densities compared to conventional

capacitors.

The supercapacitor has evolved and now overlaps with battery technology by using special
electrodes and electrolytes. While the basic Electrochemical Double Layer Capacitor
(EDLC) relies on electrostatic action, the Asymmetric Electrochemical Double Layer
Capacitor (AEDLC) employs electrodes which are like batteries in achieving a higher
energy density. However, this comes with a shorter cycle life and other challenges similar
to those faced by batteries. Graphene electrodes hold the promise of enhancing both

supercapacitors and batteries.

Voltage limits are acceptable for all capacitors where electrostatic capacitors can be
designed to withstand higher voltages up to 2.8V, and higher are possible but result in
decreases its lifetime. To achieve higher voltages, multiple supercapacitors can be
connected in series. However, this configuration has shown to reduce the total capacitance

and increases internal resistance.



The specific energy of supercapacitors spans from 1Wh/kg to 30Wh/kg, which is 10 to 50
times lower than that of Li-ion batteries. Unlike electrochemical batteries that provide a
constant voltage throughout their usable power range, supercapacitors exhibit a linear
voltage decline during discharge. This behavior limits the effective power output and is

considered a key drawback associated with their discharge characteristics.

The voltage and current characteristics during the charge and discharge cycles of a
supercapacitor is shown in Figure 2-1 below. During charging, the voltage rises linearly
while the current decreases as the capacitor reaches full charge. This eliminates the need
for a full-charge detection circuit. This behavior holds true with a constant current supply

and within the capacitor's rated voltage.
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Figure 2-1 Charging characteristics of a supercapacitor (source: [29])

As shown in Figure 2-1 the voltage increases linearly during a constant current charge,

and the current naturally drops when the capacitor is fully charged.
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Figure 2-2 Discharging characteristics of a supercapacitor (source:[29])

As shown in Figure 2-2 the voltage drops linearly during discharge. An optional DC-DC

converter maintains the wattage level by drawing higher current as the voltage decreases.

The charging time of a supercapacitor is quite similar to charging characteristics of an
electrochemical battery, and the charge current is largely constrained by the charger's
capacity [29]. Initial charging can be very rapid, while topping off the charge takes
additional time. Supercapacitors are not susceptible to overcharge and do not require full-

charge detection techniques.

Batteries, capacitors, supercapacitors all are energy storage devices where supercapacitors
are in importance due to its quick charge discharge capability and high-power density.
Considering batteries, when connecting with an external circuit, there is a movement of
ions allowing a chemical reaction to happen. Due to the movement of ions, the current
flows and an electric field develops [30]. The Ragone plot representing energy density vs.

Power density has shown below in Figure 2-3.
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Figure 2-3 Ragone plot for various energy storage and conversion devices [30]

The Ragone plot is widely used for to compare the performance of energy storage devices
[31]. Fuel cells can be seen on right side representing high energy density where capacitors
can be seen on top left corner with high power density. Referring to the plot,

supercapacitors have higher power density compared to batteries and fuel cells, but its

energy density is lower than them.

Comparison of few parameters between conventional capacitor, supercapacitors and

lithium-ion batteries are shown below in Table 2.1.
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Table 2.1: Comparison between supercapacitors, capacitors, and batteries [32]

Parameters Conventional Supercapacitor Battery (lithium-ion)
capacitor

Energy storage W-sec of energy | W-sec of energy | W-h of energy

Charge method Voltage across Voltage across Constant current and
terminals terminals constant voltage

Charge time 103-10"°s 1-10s 10 — 60 min

Cell voltage 6—-800V 23V-275 1.2V —-42V/cell

V/cell

Specific energy 0.01 to 0.05 1to5 8 to 600

(Wh/kg)

Specific power < 100,000 Up to 10,000 1000-3000

(Wikg)

Charge/discharge >0.95 0.85-0.98 0.7-0.85

efficiency

Cycle life > 500,000 1 million 500 and higher

Operating —20to +100 °C —40to +85 °C —20to +65 °C

temperature

Form factor Small to large Small Small to large

Lifetime > 100 k cycles > 100 k cycles 150 to 1500 cycles

Weight 1 gto 10 kg lto2g lgto>10kg

Batteries can be used in applications which needs to store a large amount of electricity and
supercapacitors which are used in buffer energy systems advantageous in power peak

demands.

A supercapacitor can be charged and discharged almost indefinitely. Supercapacitors
experience minimal wear and tear from cycling compared to electrochemical batteries,
which have a limited cycle life. Additionally, they have high capacitance retention which
is around 80 percent of their original capacity even after 10 years under normal conditions.

However, their lifespan can be shortened by exposure to higher-than-specified voltages.
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Supercapacitors are also more tolerant of extreme temperatures, which is an area where

batteries often struggle.

On the downside, supercapacitors exhibit a significantly higher self-discharge rate
compared to electrostatic capacitors and slightly higher than electrochemical batteries, due
to the organic electrolyte. A supercapacitor typically discharges from 100 to 50 percent in
30 to 40 days, whereas lead-acid and lithium-based batteries self-discharge at a rate of

about 5 percent per month.

Supercapacitors are broadly categorized into two main types based on their charge storage
mechanisms: electric double-layer capacitors (EDLCs) and pseudocapacitors. Electric
Double-Layer Capacitors (EDLCs): EDLCs store energy through the electrostatic
accumulation of charges at the electrode surfaces. These capacitors utilize high surface
area carbon materials such as activated carbon, carbon nanotubes, or graphene to
maximize the available surface area for charge storage [11]. The process involves the
formation of an electric double layer at the interface between the electrode and the

electrolyte, where ions from the electrolyte are adsorbed onto the surface of the electrode.

Pseudocapacitors: Pseudocapacitors, on the other hand, store energy through fast and
reversible faradaic reactions (redox reactions) involving the transfer of electrons between
the electrode and the electrolyte [33]. These reactions occur on the surface or within the
bulk of materials such as transition metal oxides (e.g., ruthenium oxide, manganese oxide)
or conducting polymers (e.g., polyaniline, polypyrrole). Pseudocapacitors generally offer
higher energy densities than EDLCs due to the involvement of redox reactions in addition

to electrostatic charge storage.

The unique properties of supercapacitors make them highly versatile and suitable for a
wide range of applications such as portable electronics, electric vehicles, renewable

energy systems and Power Backup and Uninterruptible Power Supplies.

Supercapacitors are used in devices such as smartphones, laptops, and wearable
technology, where they provide quick bursts of power, supplementing the primary battery
and extending device performance and battery life [34]. And in electric vehicles,

supercapacitors are employed in regenerative braking systems to capture and store energy
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that would otherwise be lost as heat [35]. This stored energy can then be used to assist in

acceleration, improving overall efficiency and reducing wear on the battery.

Considering renewable energy systems, supercapacitors are integrated into solar and wind
energy systems to stabilize power output and store excess energy generated during peak
production periods. They provide rapid response to fluctuations in energy supply and
demand, enhancing grid stability and reliability. Moreover, in power backup and
uninterruptible power supplies (UPS), supercapacitors are used in UPS systems to provide
instantaneous power backup during short-term power outages or voltage sags, protecting

sensitive equipment from power interruptions.

Supercapacitors offer several advantages over traditional energy storage systems, making
them highly beneficial for various applications. Their high-power density delivers energy
at a much faster rate than batteries, making them ideal for applications requiring quick
bursts of power. Also, they can be charged and discharged in seconds to minutes,

compared to hours for batteries.

Moreover, they have shown to have a long cycle life and exhibit exceptional cycle
stability, often enduring millions of charge-discharge cycles with minimal capacity loss.
This contrasts sharply with the limited cycle life of conventional batteries. Supercapacitors
are also able to maintain performance over a wide temperature range, making them

suitable for use in extreme environments.

2.2 Electrode Materials for Supercapacitors

The performance of supercapacitors is largely dependent on the electrode materials used.
This thesis aims to provide a comprehensive review of the various electrode materials
employed in supercapacitors, focusing on their characteristics, advantages, and
limitations. Electrode materials for supercapacitors can be broadly classified into three
categories: carbon-based materials, metal oxides, and conducting polymers. Each category
possesses distinct electrochemical properties that contribute to the overall performance of
the supercapacitor. Activated carbon, carbon microspheres, carbon fibers, carbon

nanotubes and graphene are the widely used carbon materials for supercapacitor electrode.
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= Activated Carbon: This is a highly porous form of carbon with a large surface area.
Its microporous structure allows for high adsorption capacity, making it excellent
for use in supercapacitors where ions can readily adhere to its surface.

= (Carbon Microspheres: These are spherical carbon particles with diameters
typically ranging from tens of nanometers to several micrometers. Their uniform
size and shape make them useful in various applications, including as electrode
materials in supercapacitors.

= Carbon Fibers: These are composed primarily of carbon atoms bonded together in
a crystalline alignment, resulting in high tensile strength and stiffness. In
supercapacitors, carbon fibers are often used to create electrodes with enhanced
mechanical properties.

= Carbon Nanotubes (CNTs): These are cylindrical nanostructures made of carbon
atoms arranged in a hexagonal lattice. CNTs possess extraordinary electrical
conductivity and mechanical strength, making them ideal candidates for
supercapacitor electrodes.

= QGraphene: In graphene a single layer of carbon atoms arranged in a two-
dimensional honeycomb lattice, exhibits remarkable electrical conductivity, high
surface area, and mechanical strength [36]. Graphene-based electrodes have
demonstrated exceptional performance in terms of capacitance and energy density.
The major challenge with graphene is its scalable production and the aggregation

of graphene sheets, which can reduce the effective surface area.

Each of these carbon-based materials offers distinct advantages, and research have been
continued to explore ways to optimize their properties for improved supercapacitor

performance, such as increasing energy density and cycling stability [37], [38], [39].

Among these different materials used for supercapacitor electrodes, metal oxides also have
garnered significant attention due to their high theoretical capacitance, excellent
electrochemical stability, and diverse redox properties [40]. Ruthenium oxide (RuO-),
manganese oxide (MnQO:), nickel oxide (NiO), cobalt oxide (C0s04) and vanadium oxide
(V205) are some common metal oxides used in supercapacitors. Considering these metal

oxide electrode materials, RuO: is considered a benchmark material for supercapacitor
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electrodes due to its exceptional capacitance, high electrical conductivity, and excellent

cyclic stability. However, its high cost and toxicity limit its widespread application.

MnO: is a cost-effective alternative with multiple valence states, which contributes to its
high pseudocapacitance. It also exhibits good electrochemical performance and
environmental benignity [41]. However, its relatively low electrical conductivity
necessitates the use of conductive additives or composite materials. NiO is another
promising material characterized by its high theoretical capacitance and good
electrochemical stability. It is often used in hybrid capacitors where it is paired with

carbon-based materials to improve overall performance.

Moreover, CosO4 shows high capacitance and good cycling stability. It is capable of fast
charge-discharge rates, making it suitable for high-power applications. However, similar
to MnO., its low electrical conductivity is a challenge that needs to be addressed.
Considering V:0s, it offers a unique layered structure that facilitates ion intercalation,
leading to high capacitance values. It also demonstrates good electrochemical reversibility

and stability.

Regarding the advantages of metal oxides in supercapacitors, they have high theoretical
capacitance primarily due to their ability to undergo multiple oxidation states, which
facilitates a higher charge storage capacity [42]. Also, the pseudocapacitive behavior of
metal oxides arises from reversible redox reactions at the electrode-electrolyte interface.
This redox activity enhances the charge storage mechanism, allowing for higher energy
densities compared to electric double-layer capacitors (EDLCs). Further, metal oxides
generally demonstrate excellent electrochemical stability, which is crucial for maintaining
performance over long cycling periods. Materials like RuO: are known for their robust

stability even under high voltage conditions.

Regardless of all the advantages listed above, many metal oxides, despite their high
capacitance, suffer from low electrical conductivity [43]. To overcome this, researchers
have developed composite materials combining metal oxides with conductive substrates
such as carbon nanotubes (CNTs), graphene, or conductive polymers. Also, volumetric
changes during redox reactions can lead to structural degradation of the metal oxide

electrodes. Strategies such as nano structuring (e.g., creating nanoparticles, nanowires, or
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nanoflakes) and doping with other elements have been employed to enhance structural

stability.

Recent research has focused on developing hierarchical nanostructures, which combine
different metal oxides or metal oxides with carbon-based materials to leverage the
synergistic effects. For example, ternary composites such as NiC0204/NiO, and hybrid
materials like MnOz/graphene, have shown enhanced capacitance and stability. Another
promising approach is the incorporation of metal oxides into flexible and wearable
supercapacitors. Materials like MnO: and V20s are being integrated into flexible

substrates to develop next-generation energy storage devices for portable electronics.

2.3 Carbon as Electrode Materials for Supercapacitors

Carbon-based materials discussed above have gained significant attention in various fields
due to their unique properties and abundance. In the realm of energy storage, such as
supercapacitors, carbon-based materials offer several advantages including high surface

area, excellent electrical conductivity, and chemical stability [44].

Among the electrode materials discussed above, carbon microspheres have been proven
to be the ideal electrode material due to several characteristics that make them attractive
for supercapacitor applications. Their high specific surface area, often achieved through
careful control of synthesis methods, provides ample active sites for ion adsorption, which
contributes to high capacitance [45]. Additionally, their spherical morphology promotes

efficient ion diffusion, enhancing the charge/discharge rates of supercapacitors.

Moreover, carbon microspheres can be engineered to have tailored pore structures and
surface chemistries, further optimizing their electrochemical performance. These features
contribute to high specific capacitance, which measures the amount of charge that can be

stored per unit mass or volume of the electrode material.

Furthermore, the high capacitance retention of carbon microspheres over multiple
charge/discharge cycles is crucial for the long-term stability and durability of

supercapacitors. This characteristic ensures that the device maintains its energy storage
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capacity over extended periods of use, making carbon microspheres a promising choice

for practical applications.

However, the ideal electrode material should be selected depending on specific
requirements such as cost, scalability, and performance metrics tailored to the intended
application. Nonetheless, carbon microspheres undoubtedly represent a compelling option

within the broader spectrum of carbon-based materials for supercapacitor electrodes.

The properties of carbon electrode materials are crucial in determining the performance
of electrochemical devices such as batteries, supercapacitors, and fuel cells. This includes

both chemical and physical properties of these devices such as [46]:

» Surface Functional Groups: The presence of functional groups on the surface of
carbon materials can influence the electrochemical reactivity. Functional groups
like carboxyl, hydroxyl, and others can provide active sites for reactions, affect
electron transfer rates, and influence the adsorption of reactants or electrolytes. For
instance, an increase in oxygen-containing groups can enhance wettability and ion
accessibility, improving the capacitance in supercapacitors [47], [48].

= Surface Roughness: Rough surfaces increase the surface area available for
electrochemical reactions. A higher surface area typically leads to greater
capacitance and energy storage capacity. However, extremely rough surfaces
might hinder the uniform flow of ions, impacting the efficiency and rate
capabilities of the device [2], [49].

= Porosity: It is a critical factor, particularly in applications like supercapacitors and
batteries where ion transport plays a significant role in device performance. Higher
porosity can allow for more efficient ion diffusion through the electrode,
increasing the rate of charge and discharge. Microporosity contributes to high
surface area, beneficial for charge storage, whereas macroporosity assists in
reducing transport distances for ions and electrons [2], [50].

= Surface Wettability: Wettability affects how well an electrolyte permeates the
electrode material. Better wettability ensures that the electrolyte can access more
of the electrode’s surface area, enhancing the electrochemical interactions and,

consequently, the performance of the device. Hydrophilic surfaces, which attract
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water-based electrolytes, can significantly improve ion transport and electrode

utilization [51], [52].

2.4 Fabrication of Carbon Microspheres

The fabrication of carbon microspheres typically involves the carbonization of organic
precursors under controlled conditions. The synthesis process begins with the selection of
appropriate carbon-rich precursors, such as glucose, sucrose, phenol-formaldehyde resin,
or biomass-based compounds. Hydrothermal carbonization (HTC) is popular approach for
using saccharide-based precursors due to its simplicity, cost-effectiveness, and

environmentally friendly nature.

Several methods have been developed to produce carbon microspheres, including
chemical vapor deposition (CVD), hydrothermal carbonization, and template assisted
synthesis. While some of these techniques, such as high-pressure carbonization, might
increase production rates, they frequently demand operating pressures of up to 10 MPa
and may result in lesser purity carbon spheres. Moreover, depending on the desired
particle size and structure, chemical vapor deposition (CVD) and template-assisted
synthesis are equally viable options. And chemical vapor deposition benefits in terms of

process versatility.

2.4.1 Chemical vapor deposition

Several studies have demonstrated the effectiveness of chemical vapor deposition (CVD)
methods for the synthesis of carbon microspheres with variable properties. Successful
production of carbon nanospheres ranging from 400 to 2000 nm in diameter has been
reported employing a catalytic CVD approach using kaolin-supported transition metal
salts (e.g. Fe, Co, Ni) and acetylene gas [53]. The use of kaolin as a catalyst support
facilitated high-yield synthesis at relatively moderate temperatures (650-900 °C). In
contrast to that, another study has explored a non-catalytic CVD method and has shown
that gas composition, mainly the presence of hydrogen, significantly influenced the size
and morphology of carbon microspheres, which were smaller (200-350 nm) and more

uniform at optimized conditions [54]. Further, studies have been conducted to extend the
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utility of non-catalytic CVD through the synthesis of boron-doped hollow carbon spheres
using acetylene and trimethyl borate in the presence of Ar/H., and this study has
highlighted the ability to introduce heteroatom doping and hollow structures through
control of gas composition and post-synthesis treatment [55]. Together, these studies
underscore the versatility of CVD techniques for tailoring the structure, composition, and

functionality of carbon spheres for diverse applications.

The effectiveness of CVD based synthesis relies greatly on several factors, including the
nature of the catalyst, the substrate, the reaction temperature, and the reactant flow
conditions. Transition metal catalysts, such as iron compounds, are widely used to
promote carbon structure formation due to their catalytic efficiency and the cost
effectiveness. Moreover, recent studies has explored the effectiveness of silicon wafers as
substrates due to their thermal stability and compatibility with the process. Considering

silicon wafers, p-type silicon (100) substrates have been widely employed.

Chemical vapor deposition technique can further be divided in to three categories, known
as Catalytic CVD, non-catalytic CVD and template assisted CVD where, each method has

its own strengths and limitations. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) has been widely used as a sustainable method for the
conversion of biomass into carbon-rich materials under relatively mild conditions. In
several studies, various organic precursors such as glucose, cellulose, and carboxymethyl
cellulose have been subjected to HTC, typically at temperatures ranging from 120 °C to
250°C in sealed autoclaves, resulting in the formation of carbon microspheres.
Hydrothermal treatment of glucose in the presence of metal salts has been done in recent
studies to produce carbon spheres functionalized with metal ions. Further, the shell
thickness and surface area have been controlled by adjusting the ration between the

substrate and metal ratio [56].

Moreover, studies have been conducted to investigate the HTC of cellulose, where the
biomass has been transformed into highly condensed and functionalized carbon
microspheres through dehydration and aromatization reactions. Furthermore, these carbon
microspheres have exhibited core—shell structures, with oxygenated functional groups

such as hydroxyl, carbonyl formed during the process [57]. The carbonization process has
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been observed around 220°C, and the degree of carbon retention and structural

condensation has been confirmed through elemental analysis, XRD, FTIR, and XPS.

Hydrothermal carbonization of carboxymethylcellulose and urea have been reported to
yield nitrogen-doped conductive carbon microspheres and water-soluble fluorescent
carbon nanodots (CNDs) [58]. Furthermore, CNDs with conductive properties and,
photoluminescent CNDs with pH-sensitive properties and high water dispersibility have

been obtained.

2.4.2 Template assisted synthesis

Template-assisted synthesis can be identified as a widely used method for fabricating
carbon microspheres with controlled size, shape, porosity, and surface properties. This
method involves the use of templates that guide the formation of carbon materials during
synthesis. Additionally, carbon microspheres tailored for specific applications such as
supercapacitors, batteries, catalysis, and drug delivery can be fabricated by manipulating

the template structure and synthesis conditions [59].

Template-assisted methods offer precise control over particle size, porosity, and structural
uniformity, making them suitable for applications in energy storage, catalysis, drug
delivery, and adsorption [60]. However, the method involves multiple synthesis steps and
use of hazardous chemicals, which must be carefully managed for sustainable and scalable

production.

The typical procedure involves the impregnation or coating of the template with a carbon
precursor such as resorcinol-formaldehyde resin, glucose, sucrose, or other polymerizable
organic compounds [61]. Further, it is followed by a carbonization step, which is usually
conducted in an inert atmosphere at elevated temperatures ranging from 600 °C to
1000 °C, which converts the precursor into a carbonaceous material. Subsequently, the
template is removed through chemical etching or thermal decomposition which generates

well defined carbon microspheres.

Among the techniques reviewed, chemical vapor deposition can be identified as a

potentially strong method for the fabrication of carbon microspheres in the current
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research due to its superior control over particle morphology, high purity of the resulting
structures, and ability to produce uniform carbon spheres with tailored diameters [62].
Unlike hydrothermal carbonization, which often requires post-treatment steps to enhance
material properties, or template-assisted synthesis, which involves complex template
removal procedures, CVD offers a cleaner, template-free route with scalable potential.
Furthermore, catalytic CVD holds an importance due to low processing temperatures
using transition metal catalysts and enables precise manipulation of the microsphere

characteristics, making it well-suited for the intended applications.

2.5 Properties of carbon microspheres

Properties of carbon microspheres plays a vital role in their functional performance across
a broad spectrum of applications. Key structural features such as particle size, porosity,
surface area, and degree of graphitization significantly affect their properties. For
example, higher surface area and porosity enhances ion adsorption and transport, making
the carbon microspheres ideal for energy storage devices like supercapacitors. Further, the
presence of micropores (<2 nm) significantly enhances specific surface area, which is
critical for adsorption and energy storage [63]. Mesopores (2—-50 nm) facilitate efficient
ion and molecule transport, while macropores (>50 nm) improve bulk diffusion.
Moreover, spherical and uniform morphology in carbon microspheres improves packing

and flow characteristics, which are beneficial in drug delivery and catalysis.

Surface chemistry is equally important, as the presence of functional groups such as
hydroxyl (-OH), carboxyl (~COOH), and amine (—NH:) can change the hydrophilicity,
chemical reactivity, and interfacial compatibility of carbon microspheres with various
media. These surface functional groups facilitate dispersion in aqueous or polymeric
environments and serve as active sites for chemical interactions and biological binding.
The degree of graphitization, defined by the arrangement and order of carbon atoms,
further determines the electrical and thermal conductivity of the microspheres [64]. Highly
graphitized carbon microspheres exhibit superior electrical conductivity, which is

desirable in applications such as battery electrodes and supercapacitors, while amorphous
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structures may offer higher chemical reactivity and better adsorption characteristics due

to the presence of disordered carbon domains.

Moreover, advanced structural designs, including hollow microspheres, core—shell
architectures, and surface modified systems enable further tuning of key properties such
as density, mechanical stability, and functional loading capacity [65]. These features are
particularly beneficial in applications requiring lightweight materials with high specific
activities. By strategically controlling synthesis parameters, such as precursor selection,
strategy of templating, and activation conditions, it is possible to engineer the
microstructure and surface characteristics of carbon microspheres to meet specific

application requirements [66].

2.6 Heterogeneity of carbon electrode materials

The heterogeneous nature of carbon materials mean arise when the above discussed
properties vary widely even within the same batch of material. Manufacturers and
researchers often work to optimize these characteristics through various treatments and
processing techniques to tailor carbon electrodes for specific applications and performance

requirements.

Heterogeneous structural characteristics of carbon microspheres have been observed in
samples synthesized via Ultrasonic Spray Pyrolysis (USP). Despite being produced under
controlled conditions, considerable variation in morphology, pore structure, and internal
architecture has been evident in the samples [67]. Microscopic analyses of carbon
microspheres have revealed that pore size, wall thickness, and surface roughness varied
among particles, even within the same batch. As a result of this, the microspheres have
exhibited complex and non-uniform internal structures, leading to a high degree of
heterogeneity. This structural variability was considered significant, as it influenced key
material properties such as surface area, porosity, and electrochemical performance.

Figure 2-4 shows the surface morphology of carbon microspheres under SEM microscopy.
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Figure 2-4 SEM images showing the morphology of carbon microspheres [68]

As discussed above, heterogeneity in carbon microspheres primarily results from
variations in size, weight, and the distribution of surface functional groups [46]. These
differences directly influence the surface chemistry, leading to diverse and heterogeneous
surface properties within the same material. Such heterogeneity can disrupt the uniformity
in electrochemical characteristics, which is crucial for the optimal performance of devices

like supercapacitors [1], [69].
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In supercapacitor applications, homogeneous electrodes are particularly favored due to
their ability to ensure a smooth and consistent charge distribution across the electrode's
surface. This uniformity is essential for achieving not only high energy density but also
for enhancing the overall efficiency and durability of the supercapacitor. The homogeneity
of the electrode material facilitates equal participation of all areas in the electrochemical

reactions, thereby maximizing the device’s performance and lifecycle [70].

2.7 Separation of heterogeneous carbon microspheres

The separation of carbon microspheres exhibiting heterogeneous properties is essential for
enhancing their performance, particularly in energy storage applications, by preventing
uneven charge distribution within carbon materials [71], [72]. To achieve size-based
separation of carbon materials, various methods such as filtration, centrifugal separation,
gravity flotation, inertia force, and magnetic force are commonly employed [73], [74],
[75], [76], [77], [78]. These methods are effective for distinguishing particles based on
physical dimensions and mass. However, they fall short when dealing with microspheres
that share the same size and weight but have differing surface properties. This type of
separation is challenging yet crucial for improving the energy storage efficiency and

overall performance of supercapacitors.

Advanced techniques such as dielectrophoresis (DEP), electrophoretic separation,
surface-selective adsorption and desorption, chromatographic techniques, microfluidic
devices and selective chemical functionalization can be employed to separate particles

based on their surface properties.

Electrophoretic Separation is a separation technique using an electric field to move
charged particles based on their electrophoretic mobility, influenced by surface charge. It
is a method effective for differentiating microspheres with varying surface charges,
enabling precise separation [79]. Whereas dielectrophoresis (DEP) exploits differences in
particle polarizability in a non-uniform electric field, causing particles to move towards
regions of higher or lower field intensity. This is being widely applied in separation of

microspheres with distinct dielectric properties related to their surface characteristics [80].
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Moreover, surface selective adsorption and desorption involves chemical agents that
selectively bind to or release from microsphere surfaces based on specific surface
properties [81]. It is being widely applied in applications where differentiation and
separation is done based on unique surface chemistries. Utilization of microfluidic devices
can be done in micro-scale channels to exploit differences in particle interactions with
channel walls or flowing fluids and this provides precise control over separation based on

subtle variations in surface properties [82].

Selective Chemical Functionalization is a technique which introduces functional groups
that selectively react with specific surface features of microspheres [83]. This enables
targeted binding and separation of microspheres with specific surface characteristics.
Spectroscopic Methods Coupled with Sorting is a method which identifies surface
properties using techniques like Raman or infrared spectroscopy, followed by sorting
mechanisms [84]. This method provides detailed analysis of surface properties, facilitating

accurate separation.

Chromatographic Techniques can be identified as a useful method in separating particles
based on their interactions with a stationary phase in chromatography, such as
hydrophobic interaction or ion-exchange chromatography [85]. This method is applicable

for separating microspheres by surface hydrophobicity or charge differences.

Achieving effective separation of carbon microspheres with heterogeneous surface
properties is critical for optimizing the performance of supercapacitors and other energy
storage devices. By employing advanced techniques tailored to surface property
differentiation, it is possible to achieve a higher degree of uniformity, enhancing the

overall efficiency and functionality of these materials in various applications.

2.8 Microfluidic based separation methods

Microfluidic systems have been widely used in various kinds of applications due to its
reduced size and the consumption of low sample volumes which makes them suitable for
limited and precious samples. Also, their smaller dimensions allow rapid separation often
in seconds. Further, employment of advanced systems such as chromatography along with

microfluidic systems facilitates analysis with higher sensitivity [86]. Microfluidic systems
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propose integrated platforms which enable the easy handling and analysis of biological
samples, which minimizes the sample requirements significantly. For an example, cells
within biological samples can be lysed within microchannels and undergo the extraction
and analysis of biomolecules such as DNA, mRNA, and metabolites within the channel
[87], [88], [89], [90]. On-chip liquid chromatography systems can be effectively integrated
directly within the channel with various detection systems such as mass spectrometry [91],
[92], fluorescence microscopy [93], and conductivity detectors [94]. When used in
combine with a fluorescent microscope, the separation process can be easily visualized
and monitored in real time. Microchip liquid chromatography is versatile, capable of

biomolecule separation and the separation of biological particles [95], [96].

The liquid chromatography separation can be categorized into five classes based on their
separation mechanisms, affinity based, adsorption based [97], [98], size exclusion based
[99], hydrodynamic based, and ion exchange based columns, where both size exclusion
and hydrodynamic liquid chromatography separates particles according to their size.
Figure 2-5 illustrates the domains of application with different types of liquid

chromatography systems.

Considering adsorption-based separation, the technique relies on partitioning analytes
between the stationary phase and the mobile phase with reversed phase liquid
chromatography being the widely used method [100], [101]. Microfabricated pillar arrays
fabricated with silicon oxide, etched using photolithography offers a high separation
efficiency for compounds like coumarin derivatives [102]. Monolithic columns which are
porous stationary phases formed directly within microchannels are versatile, supports the
analysis of proteins, peptides, and small molecules like neurotransmitters [103], [104].
Some column designs can combine sample enrichment columns with analytical columns
and nano spray tips for efficient proteomic analysis. This integration reduces sample loss

and enhances throughput [105].
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Figure 2-5: Domains of application with different types of liquid chromatography

systems

Size exclusion and hydrodynamic based separation methods can be used to separate
analytes based on size differences. The Size Exclusion Chromatography (SEC) uses
porous beads to separate molecules based on size [106]. For example, SEC can be utilized
to purify proteins and for the analysis of polymers on microfluidic platforms. The
hydrodynamic chromatography technique exploits the parabolic flow profile in
microchannels to separate particles by size. Larger particles travel faster in the center of

the flow stream, while smaller ones move closer to the channel walls [107], [108]

Further the ion-based separation methods separate charged species using ionic
interactions. Considering ion exchange columns, hydroxyapatite particles are packed in
microchannels to purify biomolecules like viruses from biological samples, where the
ionic strength of the buffer controls elution [109], [110] The paper-based ion
chromatography includes ion-exchange paper microfluidic devices (uPADs) for low-cost,
portable analysis. For example, anion-exchange uPADs can quantify calcium or acidity in
samples like wine or serum [111]In addition to these, other separation mechanisms are
there, that include unique approaches tailored for specific applications. In Extended

nanospace channels, the channels as narrow as 10-100 nm are used for attoliter scale
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analysis. The electric double layer formed within these channels enables the separation of

charged species, enhancing efficiency for small volume applications [112], [113].

Moreover, Gradient elution can be utilized to separate complex mixtures, stepwise

gradients are introduced using specialized microdevices like T-nanomixers [114], [115].

This technique supports the high-throughput analysis of biomolecules such as amino acids.

A summary of few applications of microfluidic based chromatography separations are

depicted in Table 2.2. Furthermore, affinity-based separation can be highlighted as the

most widely used technique which works on specific molecular interactions between a

ligand on the stationary phase and the target molecules in the analytes, which was

identified to be the optimum technique for the separation addressed and is discussed in

detail in the next section.

Table 2.2: Examples for microfluidics-based chromatography separation applications

Separation . .
Mechanism Stationary Phase Mobile Phase Analytes Ref
Acidic/Basic
Affinity TiO: - ZrO: mobile phase: FA, Phosphopeptides [116]
TFA, NH.OH
. TiO2 nanotube Loading buffer: .
Affinit Phosph tid 117
iy array TFA and ACN OSPHOPEPHAeS [117]
Loading buffer:
Affinity Ti02-ZrO: film 50% ACN and 1% Phosphopeptides [118]
TFA
. MNPs modified Diluted RBC _ .
Affinity with bis-Zn-DPA solution Escherichia coli [119]
Affinity Anti-EpCAM Healthy blood Circulating tumor cells | [120]
Carboxyl groups | AA and DA buffer | Ascorbic acid, dopamine
Ton . . [111]
on cellulose paper solutions hydrochloride
I ti
Affinity THUHOMASHEHe Plasma Exosomes [121]
beads
Affinity DNA aptamers | PBS binding buffer Cancer cells [122]
SIZC. Sephadex G25 ) Proteins [108]
exclusion beads
Polymethyl :
Adsorption Oymetly DI water Neurotransmitters [103]
acrylate

29




2.8.1 Affinity based microfluidic separation

Affinity-based microfluidic separation is a powerful technique that utilizes specific
molecular interactions to selectively isolate and analyze target compounds within complex
mixtures. This method relies on the principle of affinity binding, where ligands such as
antibodies, aptamers, oligonucleotides, or metal complexes interact with target analytes
through highly specific and reversible interactions [123]. By integrating this approach into
microfluidic platforms, researchers have developed compact, efficient, high-throughput

systems particularly suited for analyzing biological samples.

As discussed above, the miniaturization enabled by microfluidic devises for affinity-based
separation offers several advantages, including reduced sample and reagent consumption,
enhanced reaction kinetics due to shorter diffusion distances, and precise control over
separation processes. Moreover, the ability to integrate multiple functional units, such as
sample preparation, separation, and detection, into a single device creates a streamlined
workflow, ideal for clinical diagnostics, drug discovery, and proteomics [124]. Affinity-
based microfluidic systems have been applied to a wide range of analytes, from circulating
tumor cells and nucleic acids to proteins and metabolites [125]. These systems rely on
immobilized ligands within microchannels or beads to capture targets with high
specificity, even in complex biological matrices such as blood, serum, or cell lysates [126].
Recent advancements in fabrication techniques, such as soft lithography, plasma bonding,
and 3D printing, have further enhanced the versatility and scalability of these platforms.
A summary of fabrication methods and applications concerning on chip liquid

chromatography systems are discussed here.
2.8.1.1 Oxidized metal affinity separation

Oxidized metal groups are used as stationary phases in oxidized metal affinity separation
techniques. Titanium dioxide (Ti0O2) has become widely used material for phosphopeptide
enrichment in proteomics due to its strong affinity for phosphate groups. This interaction
allows highly specific binding of phosphorylated peptides, making TiO: an effective

stationary phase for selective enrichment. In these systems, the stationary phase is
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typically coated or modified with a TiO- layer to facilitate binding. Protein digests are
introduced into the column using an acidic mobile phase, which enhances the interaction
between TiO: and phosphate groups. During the process, interfering peptides and
background compounds are effectively washed away, while phosphopeptides remain
bound to the stationary phase. This targeted enrichment significantly enhances the
sensitivity and specificity of downstream proteomic analyses, enabling a comprehensive
study of protein phosphorylation, a key post-translational modification in various cellular

Processes.

Figure 2-6 illustrates the process for fabricating polymeric microfluidic devices with
standard microelectromechanical systems (MEMS) technology namely lithography of a
Ti02—ZrO> based microchip liquid chromatography system for phosphopeptide analysis.
Further their study has been able to show that microfluidic device can separate
phosphopeptide standard mixtures as well as analyze the phosphopeptides from protein

digests [116].
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The microfluidic affinity chromatography chip exhibited high recovery rates and the
capability to efficiently handle small sample volumes, and further improvements to the
analysis performance can be done by tuning the structure of the metal oxide. Metal
complexes also symbolize another important class of ligands that can be used in affinity
separation. Metal complexes are formed when an electron donor compound combines with
metal ions, and these complex ligands can be employed in targeted separation of
molecules. The synthesis of zinc-coordinated bis (dipicolylamine) coated nanoparticles
and their use to capture bacteria and purify blood within microfluidic chips has been
studied [119]. These nanoparticles have shown to bind to anionic phospholipids present
on bacterial membranes, and these nanoparticles can be removed effectively using
magnetic fields. Thus, the system demonstrate in the study is highly beneficial in treating

patients with bloodstream infections.
2.8.1.2 Antibody based microfluidic separation

Antibody-based microfluidics has been extensively studied given the interaction between
antibodies and antigens. Chromatography can be described as the separation of molecules
based on the interactions between mobile phase and stationary phase [127]. Antibody-
based microfluidics is widely used for the separation and analysis of cells, bacteria, and
biofluids. The capture of circulating tumor cells (CTCs) from the blood of cancer patients
is one of the prominent applications. CTCs are generated by the primary tumor and enters
the bloodstream, facilitates cancer diagnosis and monitoring. Even in a scenario of having
a low number of these cells in the blood streams, antibody-based microfluidics may still
be able to capture them. There also has been other antibody-antigen based microfluidic

devices applicable in separating the CTCs.

For an example, the adaptation of radial flow technique in isolating CTCs has been
studied, where anti-EpCAM (epithelial cell adhesion molecules) antibodies coated on a
bean shaped microfluidic chips were used as shown in Figure 2-7. These microfluidic
chips have been shown to be useful in sorting multiple types of cells and with the
combination of other detection techniques like Polymerase Chain Reaction (PCR) and
mass spectrometry, multiple cells sorting microfluidic chips can be prepared for disease

diagnosis [128][129].
32



White Blood Cell
Circulating Tumor Cell .

Glass slide
A/ (2" %x3")

Figure 2-7: Schematic representation of microfluidics with bean-shaped micro channels

The antibody based microfluidic devices have also emerged as powerful tools in the
analysis of vesicles, including exosomes and ectosomes. Exosomes are the extracellular
vesicles less than 150 nm in diameter and are released during intercellular communication,
thus can be used as a biomarker in cancer diagnosis. The specific exosome associated
antibodies coated microchannels have been used to isolate exosomes and to extract the
intravascular RNA [126]. Mutual arrangements with immunomagnetic bead technique can
further improve the efficiency of microfluidic based exosome isolation.
Polydimethylsiloxane (PDMS) fabricated magnetic microfluidic devices has also
facilitated better quantification of exosomes by mixing the magnetic beads with exosomes

where the antibody modified beads diagnose the exosomes. [121].

Isolation of exosomes and analysis of intravascular proteins has been done through
microfluidic devices using pre-incubated antibody-coated magnetic beads [130]. Here the
beads bonded with exosomes were retained withing the microfluidic device, and
successively flushed with phosphate-buffered saline (PBS) to remove the blood cells.
Then lysis was conducted, and the lysates were transferred to another microchamber on
the chip, where the immunomagnetic beads capture the specific protein in lysates through

detection reagents introduced to the chamber.
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2.8.1.3 Aptamer based microfluidic separation

Aptamers are peptides that can specifically bind to target molecules and compared to
antibodies they have distinctive advantages. Their synthesis time is shorter, and they can
bind with large molecules as well as small molecules which is impossible with antibodies.
Pairs of perpendicular PDMS microchannels have been used in capturing cancer cells and
amplifying their DNA for gene mutation analysis, where one channel is allocated for
capturing cells and the second channel is for DNA analysis [122]. These devices simplify
the DNA analysis process and minimizes the sample consumptions. Aptamer based
microfluidic devices loaded with anti-cocaine aptamers and gold nanoparticles has been
used for cocaine detection. The unit is immersed in biofluids and if cocaine is there, it will
gradually move to the area where anti-cocaine aptamers are loaded and will bind with
them. Then the cocaine aptamer complex gradually moves to the area loaded with gold

nanoparticles, and the color of gold nanoparticles will change from red to blue [131].

2.9 Diffusion based separation within microchannels

Diffusion is the primary mechanism considering mass transfer of nanoparticles in a variety
of applications such as environmental engineering, biomedical diagnosis, targeted drug
delivery, cosmetics, and food industry [132], [133], [134], [135], [136]. Therefore,
understanding in the diffusion behavior of nanoparticles is prominent in all these
applications to make them effective. Microchip separators are applicable for continuous
and spontaneous separation of heterogeneous nanoparticles through differences in their
diffusion behaviors determined by diffusion dynamics within microchannels [137], [138].
Better separations of nanoparticles within microchannels can be achieved by controlled

manipulation of their diffusive transport.

Separation of heterogeneous nanoparticles has been done through various methods to
manipulate the diffusion behavior, where nanoparticle surface modification has been
widely used to control the diffusive transport [139], [140], [141], [142], [143]. These
surface modifications require advanced technologies with complex fabrication processes,
otherwise they cannot effectively manipulate the diffusion behaviors leading to

separations [127], [128]. Active separation of nanoparticles through the variations on
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magnetic properties, charge properties and, compressibility has been investigated where
the selection of the external interferences can be done according to the differences
identified between the nanoparticles [144]. These techniques have also been identified as
a viable method in targeted drug delivery for cancer patients through the manipulation of
diffusion behavior [145]. The diffusion coefficient plays a major role in diffusion
applications and is a key variable which determines the diffusion efficiency. Diffusion is
a phenomenon where mass transfer happens from higher concentrations to lower
concentrations [146], and it can be in two major categories as collective diffusion, and

self-diffusion.

The diffusion coefficient for collective diffusion is given by the Fick’s law of diffusion,
which describes the mass transfer driven by the concentration gradient [147], [148]. Here,
collective diffusion occurs under the influence of adjacent nanoparticles, whereas self-
diffusion refers to the movement of an individual nanoparticle, which remains unaffected
by interparticle interactions due to the absence of nearby nanoparticles. The self-diffusion
coefficient characterizes the random trajectory of a single tracer particle in the absence of
a concentration gradient and is described by the Stokes-Einstein (SE) relation [149], [150].
In dilute systems, self-diffusion dominates as particles move independently, while in more
concentrated suspensions, collective diffusion becomes increasingly significant due to

hydrodynamic and interparticle interactions.

The application of Stokes-Einstein relation is valid only when the particle size is larger
than the solvent molecule, while for particles and solvent molecules with similar sizes,
empirical extensions on Stokes Einstein relation has been proposed [151]. Further, the
application of these equations has narrowed to diffusion coefficient calculation for dilute
solutions. For concentrated suspensions, the value of the collective diffusion coefficient
differs from the self-diffusion coefficient due to interparticle interactions among
neighboring nanoparticles. Although the diffusion of nanoparticles can occur via either
collective diffusion or self-diffusion, collective diffusion is more common and occurs in
most of the applications and separation processes. The diffusion coefficient for the
transport of nanoparticles can be calculated using experimental results based on the

theoretical models.
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Spin echo nuclear magnetic resonance and dynamic light scattering has been employed to
determine the self-diffusion coefficient experimentally [152], and capillary
electrophoresis instrument combined with Taylor analysis model has been used for the
determination of collective diffusion coefficient [149].  Although the diffusion
coefficients calculated by these methods are accurate, the equipment needed are complex
and expensive. Chip based microfluidic devices has gained a significant attention due to
its capability in in-situ observation, low sample requirements and wastages, better mass
transfer, and cost effectiveness. Considering the field of diffusion-based separations,
microfluidic chips with well-engineered microchannels has demonstrated high efficiency

in determining the diffusion coefficients [153], [154].

2.10 Evaluation and simulation of the effect of surface forces

As discussed above, microfluidic systems have revolutionized analytical and industrial
processes by enabling precise control over fluid behavior at the microscale. Considering
the separation of nanoparticles, separations driven by surface affinity have emerged as a
powerful approach, and in combination with microfluidic systems it has major advantages
such as, low sample consumptions, better control and in-situ observation. The study of
separations based on surface forces necessitates a comprehensive understanding about
fluid flow dynamics and physicochemical characteristics of the substances being
separated. The simulation of the flow of nanoparticles benefits to get a better
understanding about the diffusion behavior of these nanoparticles within microfluidic
devices, thus the optimization of the separation can be enhanced with the involvement of

simulation models.

The effects of varying Reynolds numbers and nanoparticle volume fractions on heat
transfer, pressure drop, and entropy generation have been demonstrated using a
computational fluid dynamics simulation model. The results have indicated that increasing
the nanoparticle volume fraction enhances heat transfer, the friction factor, pumping
power, and entropy generation [155]. Simulation models also have been developed to
assess diffusion-induced stress in lithium-ion battery electrode particles under

galvanostatic conditions, utilizing COMSOL Multiphysics 4.2 [156]. By incorporating
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reconstructed particle geometries from micro/nano-CT, the study demonstrates how
particle morphology significantly influences stress distribution and identifies regions

prone to mechanical failure.

Furthermore, molecular dynamics simulations of nanoparticle diffusion have been
conducted to examine the movement of nanoparticles in dense gases and liquids. Utilizing
the Rudyak—Krasnolutskii (RK) potential, this study reveals significant deviations from
traditional Einstein relations that govern Brownian particles, highlighting how diffusion
coefficients are affected by nanoparticle material, size, and temperature [157]. The
findings emphasize distinct nanoparticle behaviors in dense media and suggest updated
theoretical models for their transport properties. Molecular dynamics simulations have
been conducted to investigate nanoparticle diffusion at fluid interfaces and in bulk
solvents. In bulk solvents, diffusion aligns with established theories. However, when
nanoparticles adhere to interfaces, their motion becomes highly anisotropic, exhibiting
significantly faster diffusion parallel to the interface than perpendicular to it [158]. This
study offers insights into nanoparticle behavior at interfaces, which is relevant for
applications such as catalysis and nanoparticle patterning. Simulating the diffusion
behavior of spherical nanoparticles using Computational Fluid Dynamics (CFD) is
beneficial to understand the transport phenomena and interactions of these particles within

a fluid medium.

Computational Fluid Dynamics (CFD) simulations utilize various software tools tailored
to specific research and industry needs. Prominent platforms like ANSYS Fluent,
OpenFOAM, and Star-CCM+ are widely used in multiphysics modeling for fields such as
aerospace, automotive, and energy [159], [160]. COMSOL Multiphysics integrates fluid
dynamics with other physical domains, while specialized tools like NUMECA and
FLOW-3D focus on turbomachinery and free surface flows, respectively. Cloud-based
solutions like SimScale and integrated tools like SolidWorks Flow Simulation support
rapid prototyping and product design. Platforms such as CFD++ and XFlow deliver high-
fidelity simulations for extreme conditions and transient phenomena. Each software has
unique strengths, enabling researchers to choose the best option based on project

complexity, computational requirements, and industry applications.
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The design, modeling, simulation and testing of a two-region micro-channel heat
exchanger for onboard compressed natural gas cooling has been done employing engine
coolant and refrigerant R134a as heat sinks in a dual-region design [160]. Numerical
simulations and experimental tests have validated its performance, revealing efficient
pressure drop predictions and flow distribution, with a cooling capacity exceeding that
required for test conditions, thereby highlighting its potential for automotive applications.
Further, the simulation of heat dissipation in rectangular micro-channels using water as
the working fluid has been done aiming to enhance the thermal efficiency of micro-
electro-mechanical systems (MEMS) [161]. Numerical simulations using ANSYS Fluent
can be utilized to explore how varying aspect ratios and boundary conditions affect heat
transfer and flow dynamics, demonstrating that higher aspect ratios stabilize Nusselt
numbers and heat transfer characteristics. Key findings indicate that heat transfer is most
efficient under four-wall boundary conditions, whereas one-wall boundary conditions

yield the highest heat flux.

Moreover, the design and validation of a microfluidic chip for analyzing fluid dynamics
and interactions within microscale channels through both experimental and computational
methods have been done using ANSYS Fluent [162]. This study has investigated the
behavior of two pH buffer solutions, emphasizing pressure drops and velocity profiles.
The findings have validated the simulation model, demonstrating its utility in optimizing
microfluidic designs for applications in medical diagnostics, food quality control, and the

pharmaceutical industry.
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CHAPTER3

MATERIALS AND METHODS

This chapter details the methodologies employed for characterizing carbon microspheres
and outlines the experimental procedures used to separate heterogeneous carbon
microspheres using microfluidic systems. It further discusses the optimization of
separation efficiency through the application of external forces. Additionally, it describes
the simulation and modeling of surface force effects on separation, including the software
setup and the modifications implemented to incorporate these forces via external

algorithms.

3.1 Study on surface characteristics of carbon electrode materials

3.1.1 Fabrication of Carbon Microspheres

Among various methods discussed above for the synthesis carbon microspheres, Chemical
Vapor Deposition (CVD) has emerged as a preferred technique due to its versatility,
scalability, and the potential to yield uniform structures with controlled morphology under
relatively mild conditions. In this work catalytic CVD approach was used for the synthesis
of carbon microspheres using ion-based catalyst precursors deposited on p type silicon
substrates [163]. The fabrication process includes substrate cleaning, catalyst deposition,
and thermal treatment in a nitrogen atmosphere, followed by hydrocarbon gas introduction

for carbon deposition as discussed below.

A p-type silicon (100) wafer with a 450 mm (18-inch) diameter was cut into square pieces
which are 2cm % 2cm. The silicon was prepared for catalyst coating by first cleaning
through soaking in acetone, followed by ultrasonic cleaning in deionized water at 40°C
for 10 minutes, then in methanol for 5 minutes, and again rinsed with deionized water.
The cleaned samples were then dried in an oven at 100°C for 2 hours. Solutions of ferric

chloride (FeCls) and Iron nitrate nonahydrate (Fe(NOs):;-9H:0) were prepared by
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dissolving them separately in 99.99% pure ethanol to prepare solutions with 50 mM
concentration. The clean silicon pieces were slowly immersed into these catalyst solutions
and left for 10 minutes, then removed slowly. Then the coated samples were dried in the

oven at 100°C for 2 hours [163].

The catalyst-coated silicon substrates were then placed in a quartz tube furnace used for
Chemical Vapor Deposition (CVD). The furnace was heated to 750°C at a rate of 10°C
per minute, while pure nitrogen gas (99.99%) was passed through the tube at 100 sccm,
maintaining atmospheric pressure. The substrates were kept at this temperature for 30

minutes to form iron particles.

Then, acetylene gas was added at 250 sccm (while nitrogen remained at 100 sccm) for
another 30 minutes to grow carbon structures. After that, the acetylene flow was stopped,
and nitrogen gas was continuously passed while the furnace cooled down to room

temperature. The final samples were removed and stored in airtight containers for analysis.

3.1.2 Surface characteristics of carbon electrode materials

Understanding the surface characteristics of carbon microspheres is crucial for their
separation based on surface heterogeneity. Several techniques are commonly used for this
purpose. Fourier Transform Infrared Spectroscopy (FTIR) identifies surface functional
groups by measuring infrared light absorption, which provides insights into chemical
bonds and surface chemistry. Scanning Electron Microscopy (SEM) offers detailed
images of the surface morphology, revealing the shape, size, and texture of the
microspheres at high resolution. X-Ray Diffraction (XRD) examines the crystalline
structure of the microspheres, providing data on phase composition and crystallinity,
which are linked to surface properties. The current study focuses on employing FTIR,

SEM, and XRD to analyze the surface characteristics of carbon microspheres.

These characterization techniques together provide a comprehensive understanding of
both the chemical and physical nature of the carbon microsphere, which is essential when
correlating surface properties with separation processes, especially when targeting

particles with distinct functional groups. By analyzing variations in surface properties such
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as porosity, morphology, and chemical composition, the interactions between carbon
microspheres and their surrounding environment, can be more accurately predicted and

optimized.
3.1.2.1 FTIR Analysis

A sample of carbon microspheres was gathered, and the sample was prepared by mixing
a small amount of carbon microspheres with dry and finely ground potassium bromide
(KBr) powder. The sample was well mixed with KBr until a uniform blend is achieved.
The FTIR instrument was warmed up to ensure stable performance, and a background
scan was performed with no sample in the beam path to record the baseline spectrum of
the environment. This was used to subtract any atmospheric or instrumental noise from
the sample spectrum. Then the prepared sample was placed in the FTIR sample

compartment, in the sample holder.

Then the FTIR spectrometer was set to scan within 4000 cm™ to 400 cm™ wavenumber
range. The scan was initiated, and the instrument was allowed to acquire the spectrum.
The resulting FTIR spectrum was examined to identify absorbance or transmittance as a
function of wavenumber. The observed peaks were analyzed with a reference spectra or

literature data to determine the types of chemical bonds and functional groups.
3.1.2.2 SEM Analysis

A sample of dry carbon microspheres were obtained and was dispersed on an adhesive
tape. And the microspheres were spread across the tape using a fine brush or a spatula.
The sample was coated with a thin layer of conductive material to avoid charging effects
and enhance image quality. After sample preparation, the machine was turned on and was
allowed to warm up. The sample was carefully placed into the SEM sample chamber, and

the proper positioning for imaging was ensured.

Imaging parameters were adjusted imaging started with lower magnification to locate
areas of interest, then switch to higher magnifications for detailed observation of surface
features. The acquired images were analyzed to assess the surface morphology, size,

shape, and texture of the carbon microspheres.
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3.1.2.3 Raman Spectroscopy

A dry sample of carbon microspheres was obtained and carefully placed onto a clean glass
slide to prepare it for Raman spectroscopy. The sample was gently spread and flattened to
form a thin, even layer, ensuring consistent laser focus and minimizing background
interference. Care was taken to avoid clumps or uneven areas that could affect the spectral

quality.

The prepared slide was then positioned on the stage of the Raman microscope. Initial
calibration and alignment of the laser source, objective lens, and spectrometer were
performed to ensure optimal focus and measurement accuracy. The excitation source
selected was 532 nm laser, and the laser power was adjusted to an appropriate level to

avoid thermal damage to the sample.

The spectral acquisition range was set from 800 to 2000 cm™ to capture the characteristic
D band and G band of carbon materials. The objective lens was used to focus on selected
regions of the sample. Then the spectra obtained was subjected to baseline correction and
normalization, and the intensity ratio of the D and G bands was determined to assess the
degree of disorder and graphitization of the carbon microspheres. The resulting data were
interpreted to evaluate the structural quality, defects, and overall graphitic nature of the

material.
3.1.2.4 XRD Analysis

A sample of dry carbon microspheres were obtained and was carefully loaded into an XRD
sample holder. Smooth the surface to ensure a flat and even layer, which helps in obtaining
accurate and reproducible diffraction data. The initial alignment and calibration were
performed for the X-ray source, detector, and goniometer to ensure accurate positioning
and measurement. The prepared sample was put into the XRD sample chamber ensuring

the proper positioning.

The 20 range was set for the scan, which typically covers from 5° to 80° 26, to cover a
broad range of diffraction angles and capture all relevant peaks. The step size, counting

time per step were selected, and the X-ray source parameters, such as voltage and current
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were adjusted. Then the scan was started to collect diffraction data. The XRD instrument
will measure the intensity of X-rays diffracted by the carbon microspheres as the

goniometer rotates and the detector records the diffracted beams.

Thereafter, the obtained diffraction pattern was analyzed to identify characteristic peaks
corresponding to the crystalline phases of the carbon microspheres. The peaks were
compared with standard reference databases to match them with known diffraction

patterns.

Phase identification was done by comparing the diffraction pattern with reference patterns.
This helps in understanding the crystalline structure and phase composition of the carbon
microspheres. The degree of crystallinity and parameters such as unit cell dimensions,

lattice parameters, and crystallite size were then evaluated.

3.2 Separation of heterogeneous carbon microspheres using sol-gel method

Among various techniques applicable, the sol-gel method provides a versatile and
controllable platform for selective interaction and immobilization, enabling separation

based on surface functionality and interaction strength.

3.2.1 Functionalization of carbon microspheres

Fabrication of carbon microspheres with an amino functional group was done using aniline
as the source of the amino group. 10ul of aniline was dissolved in 6.66 pl of HCI aqueous
solution (2.0 mol/L), followed by the addition of 10mg of carbon microspheres into the
solution. After continuously stirring for a period of 30 minutes, 3.33 ml of 0.1M
ammonium persulfate was added to the same solution. Amino functionalization of the
carbon microspheres was allowed to happen for a period of 12 hours at room temperature

[164].

The product was separated and rinsed with deionized water and ethanol several times. The
functionalized carbon microspheres were characterized using FTIR analysis to detect the

successful functionalization of the bare carbon microspheres.
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3.2.2 Preparation of microchannels

Microfluidic channels were fabricated from PMMA (Poly Methyl Methacrylate) which is
an ideal material for the fabrication of microchannels due to its transparent amorphous
polymer structure, high strength and good flexibility. The channel pattern was engraved
on PMMA plates using computer numerical control (CNC) milling machine to create a
channel with 100 pm x 150 pum cross section and serpentine geometry. Then the engraved
channel was enclosed with another PMMA plate. The two plates were bonded via thermal
bonding. In addition to that, PMMA plates of lcm x 3cm was used to test the coating

process and the characteristics of the coated PMMA surfaces.

The fabricated channel should be coated with a material which have the capability to
achieve the separation of microspheres with carboxyl functional groups and amino
functional groups from bare carbon microspheres. PMMA microchannel coated with silica
gel was used to fulfil this objective. Silica gel was selected as the coating material to enable
effective separation of microspheres functionalized with carboxyl and amino groups.
When the microspheres are suspended in an ethanol solution, the separation mainly relies

on hydrogen bonding and polar interactions, rather than electrostatic forces.

With silanol groups on its surface, silica gel provides a chemically active interface capable
of forming hydrogen bonds with both carboxyl and amino groups. Among these, carboxyl
functionalized microspheres form stronger hydrogen bonding interactions with the silica
surface due to the presence of both a carbonyl and hydroxyl group. Amino functionalized
microspheres also interact with silica, but generally weaker in ethanol. Thus, carboxyl
functionalized microspheres migrate faster through the microchannel. Additionally, silica

gel adheres well to PMMA surfaces, ensuring a stable and uniform coating.

Experiments were carried out with styrene microparticles as a substitute for carbon
particles in the initial experiments. These microparticles are identical, except for their
surface chemistry. Some of the particles contain polar functional groups attached to their
surface and makes interactions with the silica get coating inside the channel. Due to the

interaction with the channel wall, particles with polar functional groups slows down while
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bare particle move forward through the channel. Therefore, this phenomenon results in an

effective separation between particles with heterogeneous surface properties.

3.2.3 Surface modification of the PMMA microchannel

The modification of the interior surfaces of the microchannel was done using the sol-gel
method. The silica sol with colloidal silica particles was prepared following the Stober
method for nanoparticle synthesis. TEOS (Tetraethyl orthosilicate) was used as the silica
precursor where a molecule of TEOS reacts with two equivalents of water, leading to the
formation of silica in its fully condensed form. In this procedure, 28 ml of distilled water
was initially mixed with 3 ml of 25% (w/w) Ammonium Hydroxide and, 25 ml of Ethanol
was separately mixed with 1.5 ml of TEOS. Thereafter, the two solutions were brought
together, and the solution was continuously stirred for 2 hours at room temperature.
Finally, 2 ml of the prepared sol was taken and rapidly mixed with 18 ml of 1M

Hydrochloric acid for 10 minutes.

PMMA micro channels were cleaned by flushing ethanol at a rate of 20 ml/hr for 2-3
minutes. This was followed by the prepared silica particle solution and, it was flowed
through the channel at a rate of 20 ml/hr for 10 minutes. After that, the channel was purged
with air at a rate of 20 ml/hr to remove excess solution and dried by keeping on the hot
plate at 60 °C for 30 minutes. Characterization of the coated microchannels were done to
ensure the successful deposition of silica inside the microchannel wall. SEM (scanning
electron microscopy) and FTIR (Fourier transform infrared spectroscopy) of coated

PMMA plates were done to characterize the coating.

3.2.4 Microfluidic experiments to separate carbon microspheres with carboxyl

and amino functional groups

Microfluidic experiments were conducted using coated microchannels and the flow of
microspheres was observed under fluorescence microscopy. Carboxyl modified styrene
microspheres and amino modified styrene microspheres which are identical, except for

their surface chemistry were used as microspheres with heterogeneous surface properties.
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They were allowed to flow through the coated microchannels at a rate of 0.01 ml/hr, and
their fluorescence intensity was capture through fluorescence microscopy. Among the
three types of microspheres, carboxyl modified styrene microspheres and amino modified
styrene microspheres contain polar functional groups attached to their surface and makes
interactions with the silica get coating when flowing inside the channel. Flow of
microspheres through the channel was observed through micrographs captured in 25 ms

intervals.

3.3 Determination of the optimum conditions which enable separation of

heterogeneous carbon microspheres

The microfluidic chip was fabricated with an annular microchannel to form a stable
interface between nanoparticles in suspension and deionized water at the T-junction
observation area. Two PMMA plates with dimensions 21.39 x 37.90 x 2.00 mm, were
laser-cut, and the annular microchannel, with a width of 200 pm and a depth of 100 pm,
was engraved into the bottom plate using the CNC milling machine. After engraving, the
plates were annealed, cleaned with deionized water and isopropanol, and dried using
compressed air. Then the surface hydrophilicity was increased by plasma discharge and
was bonded through thermocompression. Laser machining created two electrode slots,
each measuring 50.00 um in length and 0.30 pm in width, to accommodate copper parallel
plate electrodes, spaced 5 mm apart. For sealing, two nitrile elastomer O-rings were used
to secure the through holes of the microchip, which was mounted in a custom stainless
steel chip fixture. Figure 3-1 depicts the microfluidic system, which was used for the

experiments, connected with the syringe pump to control the flow rates.

This system utilizes a 1/16-inch diameter polytetrafluoroethylene (PTFE) tube as both the
inlet and outlet tubing. For the inlet, one end of the PTFE tube is connected to a check
valve and the other end of the inlet tube is attached to a customized stainless steel chip
fixture using a tube fitting. The outlet tube follows the same setup, with one end connected
to the chip fixture through an identical fitting. This configuration ensures controlled fluid
flow and prevents backflow, leveraging the durability and chemical resistance of PTFE

and stainless-steel components.
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Figure 3-1: Microfluidic system integrated with the syringe pump

3.3.1 Sample preparation

An aqueous suspension of carboxyl-functionalized polystyrene nanoparticles was used for
the experiments. These nanoparticles exhibit green fluorescence with an excitation
wavelength of 470 nm and an emission wavelength of 525 nm. At 25 °C, the refractive

index of the nanoparticles is 1.59.

The size distribution of the polystyrene nanoparticles in the aqueous medium was
measured using a laser particle analyzer and the nanoparticles were found to have
diameters ranging from 38.6 nm to 78.6 nm, with an average diameter of 54.6 nm. The
zeta potential of the carboxyl-modified polystyrene nanoparticles at a pH of 7 was

measured to be -41.23 £ 0.77 mV using a Zeta-Potential Analyzer.

Construction of the calibration curve of fluorescence intensity versus nanoparticle
concentration done prior to the experiments. The nanoparticle suspension was first diluted
with deionized water at various ratios, with each dilution treated by 2 minutes of ultrasonic
mixing for uniformity. Each diluted suspension was sequentially injected into a

microfluidic chip and observed under an epifluorescence microscope equipped with a 4x
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objective lens. The fluorescent dyes within the nanoparticles were excited using an LED
light source, set at an intensity of 36 units for both 2B (Blue) and 3-GR (Green and Red)
channels and a fluorescence filter cube was used to match the excitation and emission

wavelengths of the nanoparticle dyes.

Images were captured with a CMOS camera at an exposure time of 200 ms. The grey
values from images of each diluted suspension were processed in ImageJ software and
normalized to determine fluorescence intensity. The microchannel was thoroughly
cleaned with deionized water and air between each test to prevent contamination. Tests
were conducted diluting 100 pl of nanoparticle suspension to 150 pl with deionized water
and treated by ultrasound for 2 minutes to ensure uniform dispersity. To reduce costs and
conserve the nanoparticle suspension, 8 ml of immiscible dimethyl silicone oil was used
as a propelling agent. This oil, along with the 150 pl nanoparticle suspension, was drawn
into a 1 ml commercial syringe, allowing the controlled and minimal use of the

nanoparticle suspension.

3.3.2 Experimental Setup

The procedure began by connecting a syringe containing the nanoparticle suspension to
the inlet PTFE tube through an inlet check valve. Dimethyl silicone oil was used to propel
the suspension through the inlet PTFE tube until it reached the O-ring, at which point the
injection was paused to prevent overfilling. To remove any trapped air, another syringe
filled with dimethyl silicone oil was used to fill the outlet tube. Once filled, the outlet
check valve was closed to prevent the silicone oil from flowing out due to gravity.
Thereafter the syringe containing dimethyl silicone oil was disconnected from the outlet
check valve, completing the setup for the control condition and ensuring a stable
environment for measuring the diffusion coefficient of nanoparticles without external field

interference.

Initially, the microfluidic chip was injected manually with deionized water, then it was
enclosed in a stainless-steel chip fixture. Once secured, the device was placed under a 4x
objective lens on the fluorescence microscope for observation. The coarse and fine focus

adjustments were then used to bring the microchannel of the microfluidic chip into clear

48



view. Detection of the fluorescent signal was done using the same fluorescent filter cube

previously used to obtain calibration curve data.

Before injecting the nanoparticle sample, the outlet check valve was opened. The plunger
of the sample syringe was then gently pushed to allow the nanoparticle sample to enter the
microchannel through the O-ring. The fluorescent interface became visible on the
computer monitor through the CMOS camera, and the exposure and delay times were set
to 200 ms and 1000 ms, respectively, resulting in a frame rate of 0.83 fps. Once the
fluorescent interface stabilized, the inlet and outlet check valves were closed in sequence
to prevent any external turbulence interference and a sequence of images was recorded

over 50 minutes using the CMOS camera.

3.3.3 Investigation of the effect of an external electric field on diffusion of

nanoparticles

To investigate the effect of an electric field on nanoparticle diffusion, an external field
was created using two small copper plates, which served as parallel plate electrodes. These
plates were positioned in the prefabricated electrode slots within the microfluidic chip,
with a narrow gap carefully maintained between the copper plates and the stainless-steel
fixture to prevent short-circuiting. The copper electrodes were connected to the positive
and negative terminals of a direct-current (DC) stabilized power supply using two 1 m

wires.

Before beginning the experiment, the power supply’s maximum output voltage and current
were adjusted to 30 V and 0.005 A, respectively. When the power supply was activated,
it operated in a steady voltage output mode, as there was no external circuit path. Applying
the 30 V voltage to the copper electrodes generated an electric field with a strength of
approximately 60 V/cm between the plates. The direction of the field strength could be

reversed by swapping the connections of the positive and negative poles on the power

supply.
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3.4 Evaluation and simulation of the effect of surface forces

The simulation model was developed under conditions similar to those used in laboratory
experiments to facilitate model verification. The modeled system consists of a
microchannel filled with water, where a particle solution is introduced at the inlet. This
particle solution contains carboxyl-modified polystyrene nanoparticles at a concentration
of 3.291 x 10~° % (v/v) in water. In the model, the particles move through the channel
solely by diffusion, driven by the concentration gradient, with no external momentum
applied. The system considered for the model is a microchannel filled with water, and the

solution of particles is introduced at the inlet.

The model was developed considering that the diffusion occurs from the nanoparticle
solution introduced at the inlet, into the water filled microchannel, with an initial
assumption of zero nanoparticle concentration throughout the length of the channel.
Diffusion begins immediately when the nanoparticle suspension is injected at the inlet,
allowing the model to be formulated based on a one-dimensional semi-infinite diffusion
process. The diffusion dominated flow of nanoparticle inside the channel is a
multicomponent flow consisting polystyrene nanoparticles in a water medium. The
diffusion coefficient can be defined as the proportionality constant between the species

concentration gradient and the diffusion flux.

3.4.1 Simulation Setup in ANSYS Fluent

The development of the model geometry and the computational mesh was done. Fluent
setup was initialized with double precision enabled to improve result accuracy. The
computational mesh was automatically imported into Fluent, where any additional domain
modifications could be made in the domain setup. The multicomponent model was
activated using the species model, with inlet diffusion enabled under species transport.
Fluent’s dilute approximation was used to simulate species transport driven by

concentration gradients.
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In the solver settings, a pressure-based, transient time, and absolute velocity formulation
were selected, and parameters for species transport through the fluid medium were
configured using the species model. A mixture of polystyrene nanoparticles and water was
then added, and mixture settings were adjusted accordingly. Boundary conditions were
specified, with the inlet set as a velocity inlet with zero inlet velocity, and the walls as

stationary with a no-slip condition.

The nanoparticle mass fraction at the inlet was set to 0.0035, and the fluid temperature
was maintained at room temperature. The carboxyl functionalized polystyrene
nanoparticles considered for the model has an average size of 54.6 nm in diameter and the
diffusion occurs under externally applied electric field with field strength of 60 Vem'!.
The zeta potential of the carboxyl modified polystyrene nanoparticles and channel wall
are - 41.23 mV and 45.0 mV, respectively. Thereafter, the simulation was run, and the

results were analysed.
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CHAPTER 4

RESULTS AND DISCUSSION

In this section, the outcomes from the characterization of microspheres, and the diffusion
experiments are presented. Moreover, the results obtained through the diffusion
experiments under the effect of an external electric field are presented and its application
as a possible method of separation of microspheres with microspheres with heterogeneous
surface properties is discussed. Furthermore, the simulation of the separation of
heterogeneous carbon microspheres using Ansys Fluent is presented and the results are

discussed.

4.1 Study on surface characteristics of carbon electrode materials

Surface characteristics of carbon microspheres were analyzed using FTIR analysis, SEM
analysis, Raman spectroscopy and XRD analysis. These techniques were employed to
evaluate both the chemical composition and structural properties that influence the
electrochemical behavior of the carbon microspheres. FTIR analysis was used to identify
the presence of different functional groups, which are critical for surface reactivity and
wettability. SEM imaging provided insights into particle morphology, surface roughness,

and size distribution.

Raman spectroscopy was utilized to assess the degree of graphitization and structural
disorder, which significantly impact the electrical conductivity. XRD analysis further
confirms the amorphous or crystalline nature of the carbon microspheres, contributing to
the understanding of their structure, composition, and physical properties. Collectively,
these characterization methods offer a comprehensive profile of the surface properties

relevant to supercapacitor applications.
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4.1.1 FTIR Analysis

FTIR analysis is important to identify the availability of various functional groups on the
selected sample of carbon microspheres. Characteristic peaks corresponding to specific
functional groups can provide insights into the surface chemistry and possible
modifications of the carbon microspheres. The transmittance spectra of carbon

microspheres were tested, and the spectrum is given in Figure 4-1

100

Transmittance [%)
86 B8 90 92 94 95 93
1 1 1 1 1 1

84
1

171431 ——
168.78 ——

= 8
g g
Lo ™~
3500 3000 2500 2000 1500 1000

Wavenumber cm-1

Figure 4-1: FTIR spectra of carbon microspheres

The spectrum was recorded in 4000 — 600 cm™! range. A broad peak at 3341.91 cm™,
within the typical range of 3200-3600 cm™, corresponds to O—H stretching vibrations,
suggesting the presence of hydroxyl or carboxyl groups. A weaker band at 2923 cm™,
located in the 2850-2950 cm™ region can be attributed to C—H stretching vibrations of
aliphatic hydrocarbons. The peak at 1714 cm™, within the 1700-1750 cm™ range can be
assigned to C=0 stretching vibrations, commonly associated with carbonyl groups such

as carboxylic acids, ketones, or aldehydes.
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Additionally, the band at 1628 cm™, can be attributed to C=C vibrations and revels the
aromatization of the samples [165], [166], [167], [168]. Moreover, the peak at 1030 cm™,
which lies within the 1000-1260 cm™ range, can be associated for C-O stretching

vibrations are that are formed during the synthesis of carbon microspheres.

4.1.2 SEM Analysis

Scanning electron microscope (SEM) is one of the most widely used techniques in
characterization of micro particles. The SEM analysis of the selected sample of carbon
microspheres was conducted and shown below in Figure 4-2 (a) and (b) are images

obtained at a magnification of 10 KX and 5 KX respectively.

Figure 4-2: SEM images of carbon microspheres (a) 10 KX, (b) 5 KX magnifications
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Analysis of SEM images is beneficial in understanding morphology and topology and
detailed surface structure of carbon microspheres. According to figure 4-2 (a) & (b), the
carbon microspheres own a spherical shape, and aggregates of carbon microspheres with

diameters ranging from 550 nm to 3 pm are visible in SEM micrographs.

4.1.3 Raman Spectroscopy

Raman spectroscopy is an important technique in characterizing carbon materials where,
the G and D bands are key indicators of their structure and properties. Figure 4-3 depicts

the Raman spectra of the sample of carbon microspheres.
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Figure 4-3: Raman spectra of carbon microspheres

The G band which is located around 1580 cm™, signifies the in-plane vibrations of C-C
bonds indicating a well-ordered arrangement of carbon atoms [169]. The D band which
appears near 1350 cm™, indicates disorders or defects in the graphitic lattice, often arising

from the presence of dangling bonds or edge effects.
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The G band in between 1592 -1600 cm™! can be assigned to an E»; mode of graphite and
is related to the vibration of sp?>-bonded carbon atoms in a 2-dimensional hexagonal lattice,
such as in a graphite layer [169], [170]. The D band in between 1308 - 1323 cm™!
corresponds to the vibrations of carbon atoms having dangling bonds in-plane

terminations of a disordered graphitic network.

The intensity ratio between the D and G-bands, ID/IG can be used to characterize the
degree of graphitization carbon microspheres, and it is proportional to the number of
defects in graphitic carbon within the analyzed spectrum. ID/IG value was calculated to
be 1.08 for the carbon microspheres and it reflects an amorphous carbon structure with a

high content of lattice edges or defects with low degree of graphitization.

4.1.4 X-Ray Diffraction

Figure 4-4 shows the XRD pattern of carbon microspheres. Two clear characteristic peaks
of the graphite structure can be observed at 20 = 26.2° (d= 3.3985 A) and 20 = 45° (d =
2.0128 A).
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Figure 4-4: XRD pattern of carbon microspheres
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These peaks can be assigned to be originating from typical graphitic (002) and (001)
planes, and it has been reported that the presence of a peak at 44.01° gives a good
indication of the presence of hexagonal graphite lattice. Moreover, the minor and major
peaks observed at 14.44° and 69.16°, can be attributed to reflections from the underlying
silicon substrate, since silicon wafers were used as the substrate in the CVD method for

fabrication of carbon microspheres.

Peak broadening in the XRD suggests somewhat lower degree of graphitization, and the
presence of amorphous carbon can be assumed. Crystalline size of the carbon
microspheres was measured by measuring the full-width half maximum (FWHM) of the
peak, incorporating Scherer formula. The crystalline size was obtained to be 16.983 A,

indicating that there could be about 5 graphitic layers present in single crystallite.

4.2 Separation experiments using silica gel modified microchannel.

As discussed in chapter 3, PMMA microchannels with 100 pm x 150 um cross sectional
area and serpentine geometry were fabricated, and an image of the fabricated channel is

shown in Figure 4-5.

Figure 4-5 PMMA fabricated microchannel
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4.2.1 FTIR analysis of amine functionalized carbon microspheres

Characterization of the functionalized carbon microspheres is important to ensure the
successful binding of functional groups to the microspheres. FTIR characterization was
done to verify the successful bonding of amine functional groups to the carbon
microspheres. Figure 4-6 depicts the FTIR spectra of amine functionalized carbon
microspheres whereas in comparison with that Figure 4-7 represents the FTIR spectra of

bare carbon microspheres.
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Figure 4-6: FTIR spectra of amine modified carbon microspheres
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Figure 4-7: FTIR spectra of bare carbon microspheres
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By referring to Figure 4-6 and Figure 4-7, it is visible that the FTIR spectra of
functionalized carbon microspheres have a strong peak at 1141 cm™! which corresponds to
the C-N stretching mode vibrations. Moreover, the band at 1243 cm! is due to the presence

of protonated C-N" group in the functionalized carbon microspheres [164].

Moreover, the peaks in the region 3500 - 3400 cm™! can be attributed to N-H stretching
vibrations, and the peak at 3428 cm™! is assigned to N-H stretching vibrations. Also, the
peak at 1565 cm! C—NH bonds [171]. In contrast, these peaks are absent in the spectrum
of the bare carbon microspheres. Therefore, this comparative analysis confirms the
effective incorporation of amine functional groups onto the surface of the carbon

microspheres.

4.2.2 Characterization of the coating

Characterization of the coating was done using the coated PMMA plates since it is not
feasible to characterize the coated PMMA microchannels. SEM and FTIR analysis were

performed on these coated PMMA surfaces.
4.2.2.1 Characterization of coated PMMA surface

Shown below in Figure 4-8 is the Attenuated Total Reflectance - Fourier Transform

Infrared ATR - FTIR spectra of a non-coated PMMA plate.
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Figure 4-8:ATR-FTIR spectra of non-coated PMMA surface
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Figure 4-9 depicts the ATR-FTIR spectra of a silica coated PMMA plate.
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Figure 4-9: ATR-FTIR spectra of coated PMMA surface

The bands in between 3100 — 2800 cm™! can be assigned to methyl and methylene C-H
vibrations and bands around 1500 — 1350 cm™ can be assigned bending vibrations of
methyl and methylene C-H bonds. Also, C=O0 stretching mode vibrations can be allocated
for peak at 1745 cm™!.

Bands in the range 1350 — 1100 cm™! corresponds to stretching vibrations of the ester
group. The band at 1185 cm™ can be assigned to C-H deformation vibrations, and the band

at 837 cm™! corresponds to methylene rocking mode vibrations [172].

In previous studies using solid silica gels has given four peaks at ~1200 cm™!, ~1150
cm™!, ~1100 ecm™ and ~ 950 ¢cm™' [173]. Silica materials have an absorption band
corresponding to the Si—O—Si bond asymmetric stretching in the region from 1300 to 1000
cm ![174]. Hence, referring to the spectra given in Figure 4-9, the peak at 1041 cm! can
be assigned to asymmetric stretching of O-Si-O and the symmetric mode of Si-O—Si bond

has been found around 791 cm™! [175].
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The peak at 960 cm™! shows that Si-OH bonds present in the coating. Further, the bands at
2976 cm™! can be assigned to bending vibration modes of aliphatic CH» groups. Thus, the
ATR-FTIR spectra confirms the successful deposition of a silica coating on the PMMA
plate.

SEM analysis also was conducted ensure the successful deposition of the coating within
the PMMA surface. The analysis was conducted using PMMA plates coated using the

same exposure to the coating solution as with the micro channels. Figure 4-10 shows the

SEM micrographs obtained through the analysis.

Figure 4-10: SEM micrographs of coated PMMA surface

The silica coating exhibits a granular morphology with uniformly dispersed spherical
particles where, the particle diameters range from approximately 200 to 500 nm. Some
aggregation of the particles is observed, can be explained as a result concentration
differences during the sol-gel process. The coating appears continuous and densely packed

which indicates good surface coverage of the PMMA substrate by the silica nanoparticles.
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4.2.3 Microfluidic separation of functionalized carbon microspheres through

coated microchannels

Once the microchannels are successfully coated, the microspheres are introduced into the
channel and the flow behavior was observed under fluorescence microscope. Few
examples for the in-situ micrographs obtained through fluorescence microscopy are given
in Figure 4-11. These images help to analyze the distribution, movement, and interaction

of microspheres within the coated microchannels.

The images obtained from in situ observation of microsphere flow were analyzed using
Imagel to determine the flow rate of microspheres. The TrackMate plugin in ImageJ was
utilized to track the path of each individual particle and to calculate their velocities.
TrackMate haa the capability to identify objects within a given radius, and track them over
time, following a classical single particle tracking scheme. This enabled accurate analysis
of particle motion within the microchannel. The collected data were further processed to

evaluate variations in microsphere velocity along different regions of the channel.

Figure 4-11: Optical micrographs of particle flow through the channel (a)10x
magnification, (b)20x magnification and (c) 50x magnification
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The analysis was done using the LoG detector with estimated blob diameter of 30 pixel
and threshold value of 20. This detector is suitable for identifying spherical particles,
making it ideal for tracking microspheres. After setting the detection parameters, the
detection process was carried out, followed by the initial filtering of the spotted particles.
The filtering helps ensure that only particles matching the desired size are selected for
tracking. This step is crucial for validating the detection parameters and ensuring that only

the microspheres of interest are selected for subsequent tracking and velocity analysis.

For visualization, the HyperStack Displayer was used, which reuses the Imagel stack
window and nondestructively overlays the results on the original image. This allows for
dynamic visualization without altering the raw data. At this stage, the detected spots are
highlighted with purple circles on the image stack, clearly marking each identified
microsphere, as shown in Figure 4.10. This visual representation aids in verifying the

accuracy of detection and tracking before proceeding to further analysis.
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Figure 4-12: Detection of particles using the TrackMate LoG detector
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The following stage provides more features to filter the spots further based on parameters
such as intensity, quality, and size, allowing precise refinement of the dataset. Selection
of the tracker is done afterward, where the Simple LAP tracker was utilized for the current
analysis due to its robustness and efficiency in handling particle movements over time.
This was followed by the configuration of the Simple LAP tracker, which included setting
maximum linking distance and gap-closing parameters to ensure accurate trajectory

reconstruction.

After tracking, an additional filtering step was applied to exclude tracks that were too short
or inconsistent, thereby improving the reliability of the flow analysis. The resulting
particle tracks, which visualize the flow paths of the detected microspheres, are illustrated
in Figure 4-13. These trajectories provide critical insight into the motion behavior, velocity

patterns, and potential interactions of particles within the microchannel environment.
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Figure 4-13: The resulting particle tracks showing the flow paths of particles detected
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Track schemes and analysis details are displayed in the next panel for further analysis.
The mean velocity of each particle track was obtained via the analysis data provided, and
the mean velocity of the particle tracks for amino- and carboxyl-modified microspheres
were calculated separately. This allows for a comparative evaluation of how different

surface functionalization influence microsphere mobility within the coated microchannel.

These results provide insights into the interaction between the modified particle surfaces
and the coated microchannel walls. Additionally, differences in flow behavior also reflect
variations in surface charge, hydrodynamic properties, or adhesion tendencies of the

modified microspheres.

Referring to the particle speed values obtained from the Image] analysis, the mean flow
speed of carboxyl modified particles were found to be 1.266X whereas the mean flow
speed of amino modified particles was 2.164X. It can be observed that the mean flow
speed of carboxyl modified microspheres is lower than the mean flow speed of amino

modified microspheres.

The observed flow speed difference of functionalized microspheres within the silica
coated PMMA microchannel can be attributed to differences in surface chemistry and their
resulting interactions with the silica gel coated channel wall. Specifically, microspheres
functionalized with these polar functional groups exhibit varying affinities to the silica gel
surface due to differences in intermolecular forces, such as hydrogen bonding,

electrostatic interactions, and van der Waals forces.

Silica surfaces are inherently polar, and they interact strongly with polar functional groups.
Carboxyl modified particles, being more negatively charged at neutral pH, exhibit stronger
attractive interactions with the polar silica coating, which leads to increased adhesion that
reduce their flow velocity. In contrast, amino-modified particles, which carry a more
neutral or positively charged surface, exhibit weaker interactions with the silica surface
and thus experience less resistance, which allows them to move more freely through the
microchannel. This differential interaction within the coated microchannel leads to an

effective separation based on surface functionalization.
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The experimental data confirm this behavior, as carboxyl modified particles showed a
lower mean flow speed which is 1.266X compared to the speed of amino modified
particles, 2.164X. This variation in particle flow speeds can be incorporated to get a
mixture of carboxyl modified and amino modified particles separated, given that they have
required flow length to achieve effective separation. Thus, it can be concluded that the
proposed technique has the potential to effectively separate carbon microsphere based on

their surface properties.

4.3 Determination of the optimum conditions which enable separation of

heterogeneous carbon microspheres

Under this section the optimization of the separation through a microfluidic channel was
done enhancing the diffusive transport of functionalized nanoparticles. The study focuses
on identifying the most effective conditions to promote selective separation of different

surface characteristics.

4.3.1 Analysis of diffusive transport of nanoparticles

The diffusion of nanoparticles occurs along the length of the channel starting from the
interface between nanoparticle suspension and water. Nanoparticle concentration was
assumed zero throughout the channel beyond the interface. When diffusion starts to occur,
the concentration begins to change, and the measured nanoparticle concentrations was

fitted to Fick’s second law model as shown in equation ( 1).
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where, ;’Z ) demonstrates the concentration variation with time, Dy is the diffusion

coefficient, t is the time, x is the diffusion distance along the channel, C(x,t) is the

. . . . a%c o
nanoparticle concentration at x distance at time t, and Py} represents the second derivative

of concentration with respect to diffusion distance.
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The analytical solution of Fick's second law model is given in equation ( 2 ).

C(x.t)= Coerfc(n), n = Do (2)

Where, erfc(n) is complementary error function given by 1- erf(n), x is the length in
diffusion direction, and 7 represents the diffusion time. The diffusion coefficient (Dr) and
initial nanoparticles concentration (Cp) data were fitted using equation ( 1 ) by a nonlinear
least-squares fitting algorithm. Given below in equation ( 3 ) is the stokes Einstein-
relational rigid spherical particles of nano-micro scale purely undergoing Brownian
motion in the liquid phase. The diffusion coefficient (Dsg) for rigid spherical particles of

nano-micro scale purely undergoing Brownian motion in the liquid phase.

kT
© 6mur

(3)

Dgp

Where, Dsg is directly proportional to Boltzmann's constant (k) and temperature (7), and

inversely proportional to the viscosity of the medium (x) and the radius (7) of particles.
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4.3.2 Optimization of separation efficiency with the effect of an external electric

field on nanoparticle diffusion

With regards to the optimization of the separation of functionalized microspheres the
effect of separation efficiency using an external electric field is discussed in this section.
The effect of an electric field on functionalized nanoparticles which carry surface charges

would be a combination of electrophoresis and diffusion.

The effect of the electric field would be different for microspheres with different
functional groups. Under the application of an external electric field, both the nanoparticle
in the aqueous suspension and PMMA microchannel acquire charges, and Figure 4-14
depicts the charge distribution along the microchannel wall and particle surface and the

flow of nanoparticles under electric field.
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Figure 4-14: Illustration of the charge distribution along the microchannel wall

and particle surface and the flow of nanoparticles under electric field

The charge on the nanoparticle and channel wall are represented using their zeta potential
and due to these charges, nanoparticles get subjected to an electric force. The resulting
electric force courses migration of the nanoparticles and electroosmotic flow of the

solution inside the channel.
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Given in equation ( 4 ) is the Helmholtz-Smoluchowski relation which provides a relation

to get velocity gained by nanoparticle under an electric field.

Sm
U, = g(fw—fp)E (4)

Where, u, is the velocity gained by the nanoparticles, &, is the medium permittivity, {,,is

zeta potential of channel wall, and {, is zeta potential of nanoparticles.

The experimental schematic diagram prepared is shown in Figure 4-15, where Figure 4-15
(a) represent the channel after the its filled with deionized water which is highlighted in
purple color, Figure 4-15 (b) represent the microchannel just after the nanoparticle
suspension is injected through the inlet until the nanoparticle suspension is filled up to the
T-junction site as marked where the nanoparticle suspension is highlighted in green color,

and Figure 4-15 (c) shows the schematic diagram of the complete experimental setup. And

the experimental setup prepared according to that with copper electrodes to generate the

(© U

electric field is presented in Figure 4-16.
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Figure 4-15: Experimental schematic diagram of (a) microchannel filled with deionized water,
(b) microchannel with the nanoparticle suspension and deionized water and (c) the proposed

experimental setup
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Figure 4-16 (a): PMMA microchannel prepared with engraved channel, and (b)

Experimental setup with electrodes

The preparation of the calibration curve for known concentrations of nanoparticles was

done initially to determine the nanoparticle concentration by correlating it with

fluorescence intensity. Shown in Figure 4-17 is the calibration curve prepared for known

nanoparticle concentrations ranging from 0 to 5.2 mg/ml, and the resulting fluorescence

intensity.
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Figure 4-17: Calibration curve for the relation between fluorescence intensity and

nanoparticle concentration
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Over the time, the nanoparticles slowly diffuse into the water medium and images were
taken covering the diffusion distance along the channel. In-situ micrographs of carboxyl-
modified nanoparticles subjected to an electric field at 08, 24 and 40 minutes flow times

are presented in Figure 4-18.

Figure 4-18: In-situ micrographs of carboxyl-modified fluorescent nanoparticles

diffusing under the electric field obtained at 8, 24 and 40 minutes flow times

The variation of fluorescence intensity with the distance in the above micrographs are
depicted in Figure 4-19. This intensity profile provides a quantitative representation of the

spatial distribution of microspheres along the microchannel.
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Figure 4-19: Variation of fluorescence intensity with the distance

72




The images obtained at 8 minutes intervals processed through pseudo-color processing
using Image] are displayed in Figure 4-20 as in-situ images of fluorescent nanoparticles

at 8, 16, 24, 32, and 40 minutes of flow times.

lOT)pm 0 min
& min
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24 min
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40 min

Figure 4-20: In-situ time lapse images of carboxyl modified polystyrene nanoparticles

The diffusion distance was measured starting from the fluorescence interface along the
length of the channel. The distance vs. fluorescence intensity data obtained from five-time

lapsed images at 8, 16, 24, 32 and 40 minutes are shown below in Figure 4-21.

Further, the corresponding nanoparticle concentrations for the fluorescence intensity
profiles were determined using the calibration curve, and the constructed concentration

vs. distance curve is shown in Figure 4-22.
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Figure 4-21: Fluorescence intensity profiles with the distance from the interface
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Figure 4-22: Nanoparticles concentration profiles with the distance from the interface at

five flow time
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4.3.3 Fick’s second law model for nanoparticle diffusion

The nanoparticle concentration profiles obtained at different flow times can be fitted into
the analytical function of Fick’s law and the best fit analysis function curve was
determined using the error function given in equation ( 2 ). Figure 4-23 illustrates the
concentration profiles with the fitted curves for each concentration profile obtained at

different flow times.

The average 7 value was calculated for all times and the obtained value lies in between
0.988 — 0.998. Figure 4-24 indicates the variation of the calculated diffusion coefficient
with the flow time. Diffusion coefficient of the nanoparticles calculated from the average
of the diffusion coefficient values obtained at different flow times is 4.50 [+ 0.26] x 107!

m?/s.
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Figure 4-23: Nanoparticle concentration profiles obtained from experimental data

and fitted curve using Fick’s second law model
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Figure 4-24: Calculated diffusion coefficient for each flow time without electric field

The observed variation in the diffusion coefficient can be attributed to several factors
influencing both the system dynamics and measurement accuracy. Fluorescence
quenching of certain nanoparticles may diminish signal intensity, affecting particle
tracking precision. Variations in the initial nanoparticle concentration can lead to altered
inter-particle interactions, thereby impacting the effective diffusion behavior.
Furthermore, temperature fluctuations significantly affect diffusion rates, as the diffusion
coefficient is inherently temperature dependent. These combined effects contribute to the

temporal and experimental variability observed in the measured diffusion coefficient.
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4.3.4 Variation of diffusion coefficient with electric field

The diffusion experiments were repeated while changing the direction of the electric field,
and to compare the effect of the electric field, experiments were also conducted without
the application of the electric field. Figure 4-25 represents the variation of diffusion
coefficient at the different flow times when the applied electric field intensity is + 60V/cm,
where the electric field would be accelerating the carboxyl modified nanoparticles.
Further, Figure 4-26 represents the variation of diffusion coefficient at the different flow
times when the applied electric field intensity is -60 V/cm where the applied electric field

would be decelerating the carboxyl modified nanoparticles.
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Figure 4-25: Variation of the diffusion coefficient with the flow time when E=+60V/cm
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Figure 4-26: Variation of the diffusion coefficient with the flow time when E=-60V/cm
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Moreover, Figure 4-24 above represents the variation of diffusion coefficient at the
different flow times when the applied electric field intensity is 0 V/cm where there will

not be any interferences from the applied electric field.

Graphical representation of the variation of the diffusion coefficient with the applied

electric field is displayed in Figure 4-27.
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Figure 4-27: Variation of the diffusion coefficient with the electric field

Without any interferences from an external electrostatic field, the average diffusion
coefficient of carboxyl-modified nanoparticles was calculated to be 4.5x10°!! m?/s. With
a forward electric field electric field with the intensity of +60 V/cm, the diffusion
coefficient was calculated to be 5.5x107'! m?/s. In comparison with the diffusion
coefficient without the application of an electric field it is evident that the diffusion

coefficient has increased significantly with the application of the forward electric field.
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Additionally, with the application of a reverse electric field with the intensity of -60 V/cm,

the diffusion coefficients were calculated to be 3.5x10°!! m?/s. Again, in comparison with

the diffusion coefficient without the application of an electric field it can be observed that

the diffusion coefficient has decreased with the application of the reverse electric field.

Table 4.1 shows the variation of diffusion coefficient and the standard deviation of the

diffusion coefficient.

Table 4.1: Variation of the diffusion coefficient with the applied electric field

E=+60V/cm E=-60V/cm E=0V/cm
Diffusion coefficient average value 5.519507 3.490767 4.500927
Diffusion coefficient standard deviation 0.233658 0.531861 0.286824

The experiment was repeated for nanoparticles without any functional groups and the

variation of the diffusion coefficient is depicted in Figure 4-28.
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Figure 4-28: Variation of the diffusion coefficient of nanoparticles without the

functional groups with the flow time when E=0V/cm
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4.4 Evaluation and simulation of the effect of surface forces

As discussed above in chapter 3, evaluation and simulation of the effect of surface forces
on the diffusion behavior and the separation efficiency was done using Ansys Fluent
Student software by ANSYS Inc. The aim of the present study is to develop a simulation
model to replicate the diffusive transport of nanoparticles inside a microchannel. The same
carboxyl modified polystyrene nanoparticles were considered for the study, and they carry
minor surface charges. Hence, the diffusion of nanoparticles in the current study can be
influenced by an externally applied electric field as deliberated above under the previous

objectives.

Flow conditions corresponding to the experimental setup was used for the model
development, and a particle solution with 3.291 x 103 % (v/v) of carboxyl modified
polystyrene nanoparticles in a water medium was supplied to the inlet point of the
simulation model. Further, similar to the actual behavior within the channel the diffusion
of the nanoparticles within the channel occurs via diffusion driven by the concentration

gradient through the channel, without application of a momentum.

Diffusion proceeds from the nanoparticle solution-water interface near the inlet, to the
water that is filled inside the microchannel. The diffusion coefficient can be defined as the
proportionality constant between the species concentration gradient and the diffusion flux.
The Stokes-Einstein relation, that is used to predict the diffusion behavior of spherical
particle larger than the solvent molecules in a low-viscosity medium, is expressed by the
equation ( 5).

_ kgT
"~ 6mua

(5)

Where, ‘D’ is the diffusion coefficient, 'k’ is the Boltzmann’s constant, ‘T’ is absolute
temperature, ‘W’ is viscosity of the fluid medium, and ‘a’ is the particle radius. The Stokes-
Einstein diffusion coefficient for the system was calculated to 9.0 x 1012 m? s”!, and it was

used as the diffusion coefficient for the dilute approximation in species model.
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4.4.1 Solution of the diffusion equation

Diffusion of functionalized styrene nanoparticles along the channel is governed by Fick’s
second law of diffusion was discussed above in equation ( 1 ), and given above in equation
( 2) is the solution to the Fick’s second law model. The equation ( 2 ) discussed above
can be rearranged as shown in equation ( 6 ) can be used to calculate the diffusion
coefficient at time t via the inverse error function of the ratio between the concentration at
a distance of x to the initial nanoparticle concentration. The data required for the
calculation of diffusion coefficient under the electric field were obtained through the

model developed through Ansys Fluent.

L)

Under an externally applied electric field, nanoparticles experience electro migration.
Corresponding to that, an electroosmotic flow is generates within the microchannel due to
interactions with surface charges on the diffusion layer of the microchannel wall. Using
the Helmholtz-Smoluchowski relation given in equation ( 4 ), the velocity gained by
nanoparticles was calculated to be 1.761 x 10 ms™!. The resultant velocity from both the

electrophoretic velocity and electroosmotic velocities are included in this velocity.

4.4.2 Geometry and Mech development

Geometry for the fluid flow analysis can be created using ANSYS Space Claim Direct
Modeler, ANSYS Design Modeler, or by importing a geometry file in an appropriate
format. Present study uses ANSYS Design Modeler to create the geometry focusing on
the fluid body inside the channel which is considered for the diffusion study. Shown in
Figure 4-29 (a) is the fluid body with a rectangular cross section which is 100 pm in depth
and 200 pm in width, and the geometry was created only considering the diffusion length

of the channel.

Definition of the computational Mesh was done using ANSYS Meshing, with an element

size of 10 pm. Named selections were created with the nanoparticle introduction point
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defined as the inlet and the other corner of the channel was named as the outlet. Presented
in Figure 4-29 (b) is the computational mesh which consist of 23331 nodes and 20000

elements.
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Figure 4-29: (a) channel geometry created by Ansys design modeler. (b)
Computational mesh generated by Ansys meshing

DEFINE SOURCE macro defined in UDF manual was utilized to develop the UDF and
it was successfully executed with the fluent solver. It was built taking the inlet as the origin
position and the diffusion distances were measured from the origin point. Moreover, the
UDF was modified to get the diffusion distance, nanoparticle concentration, and flow time

reported to a separate output file.

4.4.3 Development of the User Defined Function (UDF)

The UDF modified using C programming language is presented below.

#include "udf.h"
#include "mem.h"
#include "math.h"

DEFINE SOURCE(electrostatic_flux,c,t,dS,eqn)

{
FILE * fp;
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int dx,dy,dz,r;

real source,y,d,mc,time;
double a,v,mass,l,u;
real xc[ND NDJ;

u=0.00000000176131; /* Nanoparticle velocity */
y =C _YlI(c,t,0); /* Species mass fraction */

d = C_R(c,t); /* cell density */

v =C_VOLUME(c,t); /* cell volume */

1 =pow(v,(1/3));

a =1*1; /* cell dimensions */

mass = v¥d*y; /* mass or nanoparticles in the cell*/

mc =y * d; /* nanoparticle concentration of the cell */

time = CURRENT TIME;

C_CENTROID(xc,c,t);

source = (mass/(a*u)); /* additional flux due to the effect of electric field */

dS[eqn]=0;

dx =xc[0]*1000000; /* coordinates of the current particle*/
dy = xc[1]*1000000;
dz = xc[2]*1000000;

if (95<dx && dx<110 && dy<60 && dy>45 && dz<20) /* Writing output data to file*/

{

fp = fopen ("file2.txt", "a");

fprintf(fp, "%t %d %d %d %0.151f 9%0.151f\n", time, dx, dy,dz, mc, source);
fclose(fp);

}

else if (95<dx && dx<110 && dy<60 && dy>45 && dz<120 && dz>100)

{

fp = fopen ("file2.txt", "a");

fprintf(fp, "%t %d %d %d %0.151f %0.151f\n", time, dx, dy,dz, mc,source);
fclose(fp);

}

else if (95<dx && dx<110 && dy<60 && dy>45 && dz<220 && dz>200)
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{

fp = fopen ("file2.txt", "a");

fprintf(fp, "%t %d %d %d %0.151f %0.151f\n", time, dx, dy,dz, mc,source);
fclose(fp);

}

else if (95<dx && dx<110 && dy<60 && dy>45 && dz<320 && dz>300)

{

fp = fopen ("file2.txt", "a");

fprintf(fp, "%t %d %d %d %0.151f %0.151f\n", time, dx, dy,dz, mc,source);
fclose(fp);

}

else if (95<dx && dx<110 && dy<60 && dy>45 && dz<420 && dz>400)

{

fp = fopen ("file2.txt", "a");

fprintf(fp, "%t %d %d %d %0.151f %0.151f\n", time, dx, dy,dz, mc,source);
fclose(fp);

}

else if (95<dx && dx<110 && dy<60 && dy>45 && dz<520 && dz>500)

{

fp = fopen ("file2.txt", "a");

fprintf(fp, "%t %d %d %d %0.151f %0.151f\n", time, dx, dy,dz, mc,source);
fclose(fp);

}

else if (95<dx && dx<110 && dy<60 && dy>45 && dz<620 && dz>600)

{

fp = fopen ("file2.txt", "a");

fprintf(fp, "%t %d %d %d %0.151f %0.151f\n", time, dx, dy,dz, mc,source);
fclose(fp);

}

return source;

}
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The developed model was run through Ansys Fluent, and the nanoparticle concentration

variation obtained from CFD-post is illustrated in Figure 4-30. When time t=0 minutes,

the nanoparticle suspension concentration at the inlet of the microchannel is 3.5 mg/ml.

[
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v
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Figure 4-30: Contours of the variation of nanoparticle concentration along

the microchannel

UDF was built taking the nanoparticle suspension and deionized water interface as the
origin position and the diffusion distances were measured from that point. Nanoparticle
concentration of different locations along the channel was exported to an output file
including the respective flow time and distance from origin. Figure 4-31 presents the plot
of obtained nanoparticle concentration versus the distance from the origin, at each flow
time, and figure depicts the nanoparticles concentration vs. flow time, at different
locations along the channel, and Figure 4-32 illustrates the nanoparticles concentration vs.

flow time, at different locations along the channel.

The diffusion data recorded in the output file was used for the determination of diffusion
coefficient under the influence of the external electric field using equation ( 6 ). According

to the equations above ratio between the nanoparticle concentration at distance x at time
X
Vapgpt

t, and initial concentrations is equivalent to the complementary error function of
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Diffusion coefficient for the diffusion of polystyrene nanoparticles through the

. . C(x,t X
microchannel were calculated using % values and hence the value for —— can be
0

1/4DF[

: : . C(x,
determined through the inverse error function value of %
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Figure 4-31: Nanoparticle concentration against the distance from the origin with flow time
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Figure 4-32: Nanoparticles concentration vs. flow time, at different locations along the

channel
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Table 4.2 below shows the nanoparticle concentration variation with distance and flow

time, where the data at flow times of 8, 16, 24, 32, 40 and 48 minutes were used for the

analysis.
Table 4.2: Nanoparticle concentration with distance and flow time
[ fmin) 8 24 32 48
x (um)

5 0.00251 | 0.00252 | 0.00253 | 0.00253 | 0.00253 | 0.00253
105 0.0015 | 0.00169 | 0.00179 | 0.00186 | 0.00191 | 0.00195
205 0.00098 | 0.00111 | 0.00122 | 0.00131 | 0.00138 | 0.00144
305 0.00075 | 0.00079 | 0.00086 | 0.00092 | 0.00098 | 0.00104
405 0.00059 | 0.00060 | 0.00063 | 0.00067 | 0.00071 | 0.00075
505 0.00047 | 0.00047 | 0.00048 | 0.00050 | 0.00052 | 0.00055
605 0.00036 | 0.00036 | 0.00037 | 0.00038 | 0.00039 | 0.00040
705 0.00027 | 0.00027 | 0.00027 | 0.00027 | 0.00028 | 0.00028

The values of X <=

and using that the diffusion coefficient was calculated. Table 4.3 shows the calculated

X

JADgt

diffusion coefficient for flow time of 24 minutes.

. . . C(x,t)
) were determined by inverse error function value of ( c

Table 4.3: Calculation of diffusion coefficients when the flow time is 24 minutes

Distance Concentration C(x,t) % (: X ) 5 (: x2 )
(um) (mg/ml) Co J4Dgt 4tX?2
105 0.00179 0.709656 0.263269 2.761 x10°!!
205 0.00122 0.48473 0.494066 2.988 x10-!!
305 0.00086 0.339917 0.674813 3.546 x107!!
405 0.00063 0.251855 0.810242 4.337 x10°!!
505 0.00048 0.192978 0.920526 5.225 x10°!!
605 0.00037 0.147385 1.024478 6.054 x10°!!
705 0.00027 0.108092 1.136198 6.684 x10°!!
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Through that the average diffusion coefficient at 24 minutes was calculated to be 4.5 x
107" m?s’!, Similarly, diffusion coefficient values corresponding to other time intervals

were calculated and displayed in Figure 4-33.
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Figure 4-33: Calculated diffusion coefficient for each concentration profile

Using the diffusion coefficients at different flow times, the average diffusion coefficient

was calculated to be 5.38 107! m3s!.

4.4.4 Model Validation

The average diffusion coefficient was calculated to be 5.38 x10!! m?s’!, whereas the
average diffusion coefficient obtained through the diffusion experiments under the electric
field was 5.47 x 10! m? 5"l Therefore, the absolute difference between the experimental

and simulated diffusion coefficients is 0.09x107 ! m?/s.

This corresponds to a relative error of approximately 1.65%, indicating strong agreement

between the model and experimental results.
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5.1

CHAPTER 5

CONCLUSION AND RECOMMENDATIONS FOR FUTURE
WORK

Conclusion

A novel microfluidic technique was successfully developed to separate carbon
microspheres with heterogeneous surface properties. The method addresses
limitations in existing separation technologies that primarily focus on size and
weight differences.

The study demonstrated the critical role of surface forces between microspheres
and nanoparticles, and the use of channel coatings in achieving effective separation
of microspheres with different surface chemistries.

The microfluidic separation device fabricated using PMMA, where the channel
pattern was engraved on PMMA plates using computer numerical control (CNC)
milling machine.

Silica gel was selected as the suitable coating material due to its’ polarity with the
presence of hydroxyl groups on its surface. And the coating of the microchannels
with silica gel was done using the sol-gel method, following the Stober method for
nanoparticle synthesis using TEOS.

The PMMA based microfluidic separation device is designed to differentiate and
separate microspheres based on the availability of carboxyl and amino functional
groups.

Variations in the flow behavior of carboxyl-functionalized and amino-
functionalized microspheres were systematically observed using fluorescence
microscopy. Data analysis using ImageJ provided quantitative insights into the

alterations of flow rates of different microspheres.
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Diffusion experiments within microfluidic systems using nanoparticles revealed
that applying an external electric field significantly enhances the diffusion
coefficient of functionalized nanoparticles.

Electric field with an intensity of 60V/cm was applied using copper electrodes
fixed to the microfluidic device.

Experiments conducted with an external electric field highlights the potential for
precise manipulation of nanoparticle transport within microfluidic devices for a
variety of applications.

Further, a simulation model was developed using CFD to show the diffusion
behavior of nanoparticles under an externally applied electric field.

ANSYS Fluent species transport model was utilized for this, and the effect of the
externally applied electric field was included through a User Defined Function
(UDF) which was developed using C programming language.

The UDF was further modified to get the nanoparticle concentration data exported
to an excel file for further analysis.

Model validation against experimental data showed strong agreement, confirming
its accuracy and reliability.

The separation of bare and functionalized carbon microspheres in can be optimized
by incorporating an electric field. The field will effectively accelerate or decelerate
the functionalized microspheres, depending on the charge on functional groups and
the direction of the applied electric field, facilitating efficient separation.

The integration of experimental and computational approaches provides a robust
framework for advancing nanoparticle separation technologies.

This research offers potential advancements in applications with supercapacitor
electrode fabrication, nanotechnology, and biomedical engineering, where precise

control of material properties is essential.
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5.2 Recommendations for future work

= Further studies can be carried out to prepare paper based microfluidic devices as a
more economical platform to conduct microfluidic separations based on surface
heterogeneity.

» The refining of the paper-based microfluidic devices can be done by exploring
alternative materials and fabrication methods to improve separation efficiency and
durability.

= Also, studies can focus on the separation of microspheres with additional surface
functional groups such as, hydroxyl, phosphate groups to broaden the applicability
of the technique developed.

= Studies can be conducted to evaluate the use of other external fields like magnetic
fields to aid the separation of nanoparticles with surface functional groups.

= Moreover, the development of multi-stage microfluidic systems that combine size-
based and surface heterogeneity-based separations for enhanced precision and
usefulness.

= Studies can also focus on the long-term stability and reliability of the coatings and
microfluidic devices for reuse.

» Additionally, enhancement of the computational model by can be done using tools
other than ANSYS to incorporating more complex interactions, such as
hydrodynamic and electrokinetic forces, to simulate realistic scenarios more
accurately.

* Furthermore, simulation models can be developed for real-world applications,
such as biomedical applications, such as separating biological nanoparticles or

cells based on surface properties.
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