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Abstract

Microplastic contamination is an emerging contaminant and concern that can be found all
over the planet. These microplastics are often very tiny in size; therefore, they can readily
pass though bedrock and infiltrate water bodies such as rivers, lakes, and seas. Whenever
such environmental contamination occurs, the first step in order to address the issue is to
characterize the contamination in order to define its origin. This project proposes a design
of a microfluidic chip, which is integrated with a Surface Enhanced Raman Spectrometer
to characterize microplastic particles in various aqueous solutions such as water. The
proposed design is capable of sorting and collecting microplastics based on their size
without any need for a membrane. It also has a flat architecture, which makes it easy to
manufacture at a reasonable cost. SolidWorks was used for the computer aided design
(CAD) of the microfluidic chip and COMSOL Multiphysics was utilized for computer
aided engineering (CAE) calculation to verify the design. According to the calculations,

this microfluidic chip is capable of size-based sorting of microplastics.

Keywords:  Microplastics, Surface Enhanced Raman Spectroscopy (SERS),

Microfluidics, Dean Flow, Inertial Sorting
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Chapter 1. Introduction

1.1. Overview of the microplastic pollution

With the global population continuously growing, there is a significant need for the
development of a new category of materials suitable for efficient production of goods in
large quantities and short timeframes. This surge has led to the widespread adoption of
plastic materials across various sectors such as textiles and packaging. Plastic encompasses
a range of components like polyethylene (PE), polystyrene (PS), polyamide (PA), nylon,
and other chemical compounds. However, the rapid proliferation of plastics has resulted in
the uncontrolled disposal of plastic waste into the environment, ranging from microbeads
found in personal care products to substantial plastic components [1].

Notably, even larger plastic items disintegrate into smaller particles over time due to
natural factors like sunlight and moisture, exacerbating the negative impact as these
particles decrease in size. In general, microplastics typically refers to any plastic particle
ranging from 1 um to 5 mm in size. Due to their small size, microplastics pose significant
threats to aquatic ecosystems [2].

Eriksen et al.'s [3] estimation in 2014 revealed a staggering reality about the state of the
global oceans; over 5 trillion pieces of plastic, collectively weighing nearly 270,000 tons,

were dispersed across marine ecosystems.



There is strong evidence stating that these microplastics can enter the food chain when they
are swallowed by sea creatures and end up in human food products. Even in some areas,
microplastic particles are reported in air as well as rain. Moreover, microplastic particles
have even been observed in air samples from certain regions with high concentration of

contamination [4].

1.2. Microplastic pollution origins

The sources of microplastics are multifaceted, originating from various human activities.
Large plastic items discarded in natural environments undergo degradation processes,
fragmenting into smaller pieces over time due to exposure to sunlight, mechanical forces,
and chemical reactions. Additionally, the use of microbeads in cosmetics and personal care
products introduces microplastics into the environment. Furthermore, the disposal of
laundry wastewater, primarily containing microfibers shed from textiles during washing,

constitutes another significant source of microplastic pollution.



Estimated quantity of released microfibers per first wash
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Figure 1: Estimated quantity of released microfibers per wash
Figure 1 shows a study published in the Marine Pollution Bulletin in 2016 in which authors
meticulously examined the shedding of microfibers from different fabric types during their
initial wash cycles, with acrylic fabrics demonstrating a particularly high release of

microfibers (over 700,000 pieces of microfiber during the first wash) [5].

1.3. Microplastics and marine environment

Due to their tiny size, microplastics can simply pass through bedrock and infiltrate water
resources and end up finding their way to seas and oceans. Therefore, marine life turned
into the major victim of this contamination and the major pathway for microplastics to find
their way into the human food basket. Cole et al. [7] employed advanced fluorescent
imaging techniques to investigate the ingestion of microplastic particles by specific species
of zooplankton residing in the northeast Atlantic (See figure 2). This microscopic

exploration revealed the pervasive presence of microplastics within the planktons’ body



which are the foundational levels of marine food chain in the ocean, indicating the
widespread distribution of plastic pollution in marine environments and its potential

impacts on marine life.

Figure 2: Microplastics ingested by zooplanktons, imaged using fluorescent imaging (Adapted from [7] and used with
publisher permission)

In a parallel study conducted by Garnier et al. in 2019 [8], the focus shifted to the digestive
systems of wild tropical fish inhabiting Moorea Island in French Polynesia, a remote region
in the Pacific Ocean. This investigation unveiled a diverse array of microplastics ingested
by these fish, highlighting the extent of microplastic contamination even in isolated marine

ecosystems.

1.4. Characterizing techniques

When it comes to environmental contaminations, finding the source becomes challenging
and microplastics are no exception. Various techniques have been discussed in the
literature for characterizing microplastics, however an efficient method should be capable
of providing fast response, have accuracy and be easy to use and have high capability of

continuous analysis, etc.



Identification methods

In general, microplastics refers to any plastic particle smaller than 5 mm in size.
Microplastics are divided into two main categories. First, there are microplastics that are
intentionally engineered such as microbeads which are widely used in cosmetics and
toothpaste. This group of microplastics is also known as primary microplastics. The second
category is microplastics that are generated by fragmentation of large plastic pieces littered
in the environment. Either of these two categories will be challenging to remove from the
environment as soon as they contaminate an area. They can pose a threat to both humans
and living organisms. Their adverse impact gets worse as their size gets smaller, since a

smaller size makes it easier to infiltrate water bodies and end up in living organisms.

Here is when monitoring and characterizing microplastics becomes important and that’s
because it helps scientists to identify the source that is spreading microplastics into the
environment. Pollution status, identifying spots with high levels of contamination and

realizing historical trends to name a few are other benefits of characterizing microplastics.

Generally, analytical methods of characterizing microplastics start with sampling, then
extracting, isolating, identifying and quantifying or classifying particles. Most
conventional methods were dependent on visual sorting. Those techniques were only
practical for large particles (between 1 to 5 mm) since they were mostly reliant on using
the naked eye. However, the smaller the microplastics are, the greater their environmental
impact will be, and it necessitates the demand for implementation of other analytical

techniques for identification of smaller particles.



As a result, characterizing microplastics based on their size, shape and polymer type
becomes a complex process that requires exploitation of typically more than one analytical
method. These analytical methods usually consist of a physical characterization, which is
mostly done using microscopy tools, and a chemical characterization, which is done using
spectroscopy methods. Each of these techniques offers advantages while it poses
limitations as well. In general, all identification methods for microplastics fall into the

following categories described below.

1.4.2. Visual inspection

There are a wide range of plastic particles that are distinguishable using visual methods.
One advantage of this method is that it is capable of classifying microplastics based on
their color and texture. This method is fast and simple and requires a minimum level of
skillset to be performed. However, there is always a risk of mistaking organic particles

with microplastics [9], [10].

1.4.3. Microscopy

Optical microscopy techniques are mostly applicable for particles of hundreds of micron
size. By using this technique, more information can be derived about the surface texture
and structure of the particle. It also reduces the risk of mistaking organic matters rather

than microplastics [11].

Additionally, scanning electron microscopy (SEM) techniques also fall under this category.
SEM imaging offers high resolution images of the surface texture of the particle and

enables scientists to distinguish microplastics from organic matter. Yang et al. [12]



developed a method that allows scientists to perform in situ SEM imaging on samples of
liquid form. An energy dispersive X-ray device (EDS) can also be integrated to the SEM
in order to provide detailed information about the elemental composition of the particle.
However, this technique poses some limitations such as being expensive, requiring high

degree of skills and limited volume for inspection [13], [14], [15].

1.4.4. Fourier Transform Infrared (FTIR) spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) is a method used to obtain an infrared
spectrum of absorption or emission of any form of material including solid, liquid, or gas.
An FTIR spectrometer is capable of collecting high-resolution spectral data over a wide
spectral range. It uses modulated infrared energy to investigate a sample. The infrared light
in this method is absorbed at a specific frequency, which is proportionate to the atom to
atm vibrational bond energies in that molecule. When the bond energy and the energy of
the infrared light are identical, the bond absorbs that energy. Different bonds in a molecule
vibrate at different energies and therefore they are capable of absorbing different
wavelengths of infrared radiation. The frequency and intensity of the absorption bands
contribute to the overall spectra and generates a unique characteristic for the molecule,
which helps to identify the structure of molecules and the composition of the sample. That’s
because FTIR creates a signal specific to that type of bond. FTIR is widely used in
analyzing polymer science and chemical engineering. Microplastics particles are nothing
but carbon-based polymers; therefore, FTIR offers ample opportunity to utilize this

technique [16].



1.4.5. Raman spectroscopy

Raman Spectroscopy has been utilized in several published research works to identify
microplastics [17], [18]. In this technique, the laser beam hits the microplastic particle and
generates multiple frequencies of back-scattered light depending on the molecular structure
of the sample. One of the advantages of this method is that it is contact-less and non-
destructive for the sample, therefore, the sample can be utilized for further investigation
and analysis afterwards. The minimum size of the interrogated particle in this method
depends on the laser beam diameter. The smaller the laser beam, the smaller the particles
that can be inspected. It can even go down to a few micrometers in size. However, in order
to have an accurate analysis with such a tiny laser beam, particles should be all aligned in
a small area of interest. Therefore, liquid samples require focusing prior to scanning by this

technique. Focusing is going to be discussed extensively in the next sections of this project.

History

Raman spectroscopy is very similar to infrared spectroscopy in which scientists look at the
vibration of molecules. As we know from basic chemistry, all molecules are made of atoms
which are held together by chemical bonds. These chemical bonds are like springs and can
vibrate. For instance, a water molecule is made of one oxygen atom and two hydrogen
atoms which are linked together by hydrogen bonds. These bonds can vibrate either

symmetrically or anti-symmetrically or bend.
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Figure 3: Vibration modes of a water molecule
These bonds can vibrate either symmetrically or anti-symmetrically or bend as it is shown
in figure 3. Each of these vibrating modes corresponds to a certain amount of energy, which
in turn corresponds to a different wavelength of infrared light and subsequently creates a
spectrum. Analyzing the spectrum enables scientists to find out what compound exists in

the analyzed sample.

From this standpoint, Raman Spectroscopy is very similar to Infrared Spectroscopy.
However, there are a few fundamental differences. First and foremost, Raman spectroscopy
utilizes laser beam instead of infrared. One of the other differences is that water does not
show up in Raman Spectroscopy, or even if it shows up, it appears as a very weak shift in
the spectrum. This makes Raman Spectroscopy a perfect tool for analyzing samples in

aqueous form such as environmental samples [19].



An improvement to Raman Spectroscopy was first introduced by researchers in the 1970s.
They realized that by adding metallic collides next to the analyte, a huge shift will occur in
Raman shists that enhances resolution of the spectroscopy. Surface-Enhanced Raman
Spectroscopy (SERS) is a powerful analytical technique that enhances the Raman
scattering of molecules adsorbed on rough metal surfaces or nanostructures. The discovery
of SERS dates back to 1974 when Martin Fleischmann and his colleagues observed
unexpectedly strong Raman signals from pyridine molecules adsorbed on a rough silver
electrode [20]. Initially, this enhancement was attributed to the increased surface area of
the rough electrode. However, in 1977, two independent research groups provided a deeper
understanding, attributing the enhancement to electromagnetic and chemical mechanisms
[21], [22]. These findings laid the foundation for the rapid development and widespread

adoption of SERS in various scientific fields.

SERS Mechanism
The mechanism of SERS involves two primary enhancement effects: electromagnetic

enhancement and chemical enhancement.

I.  Electromagnetic Enhancement: This is the dominant mechanism, contributing to
most of the signal enhancement. It arises from the excitation of localized surface
plasmons in metal nanoparticles (typically gold, silver, or copper). When the
incident light interacts with these nanoparticles, it induces collective oscillations of
conduction electrons, creating an enhanced -electromagnetic field at the
nanoparticle surface. This field can increase the Raman scattering signal by several

orders of magnitude (10* to 10° times).

10



II. Chemical Enhancement: This mechanism contributes less to the overall
enhancement but is still significant. It involves the formation of charge-transfer
complexes between the adsorbed molecules and the metal surface. This interaction
can alter the polarizability of the molecules, leading to an increase in Raman signal
intensity. Chemical enhancement typically accounts for a factor of 10 to 100 in

signal amplification [23].

Strengths of SERS

Surface-Enhanced Raman Spectroscopy (SERS) is renowned for its high sensitivity, which
allows for the detection of single molecules in certain scenarios. This exceptional
sensitivity makes SERS invaluable for trace analysis in diverse fields, including
environmental monitoring, food safety, and medical diagnostics. Additionally, SERS
provides molecular specificity through the unique molecular fingerprints in Raman spectra,
enabling precise identification and characterization of analytes. The non-destructive nature
of SERS preserves sample integrity during analysis, making it suitable for delicate or
valuable samples. Furthermore, the versatility of SERS allows it to be applied to a wide
array of molecules and materials, including biological samples, chemicals, and

nanomaterials, facilitating rapid and real-time data acquisition [24].

Drawbacks of SERS

Despite its many advantages, SERS has some notable drawbacks. Achieving reproducible
SERS signals can be challenging due to inconsistencies in substrate preparation and the
uneven distribution of nanoparticles, which can affect signal intensity and reliability. The

stability of SERS-active substrates is another concern, as they may degrade over time or

11



under certain environmental conditions, potentially compromising their performance.
Additionally, interpreting SERS spectra can be complex, particularly for mixtures or
unknown samples, necessitating advanced data analysis techniques and expertise. The
reliance on noble metals like gold, silver, and copper for substrates also limits the range of

applications, as these materials may not be suitable for all analytes or conditions [25].

Applications of SERS

SERS has found a wide range of applications across various fields due to its sensitivity and
specificity. In biomedical diagnostics, SERS is used to detect biomolecules, pathogens, and
disease markers, offering potential for early diagnosis and personalized medicine.
Environmental monitoring benefits from SERS's ability to detect pollutants and
contaminants at trace levels, aiding in efforts to protect the environment and ensure
regulatory compliance. In the food safety sector, SERS is employed to identify
contaminants, additives, and adulterants in food products, ensuring quality and safety for
consumers. The chemical and pharmaceutical industries utilize SERS for analyzing

complex mixtures, monitoring reactions, and conducting quality control [26].

1.5. Nanoparticles

Surface-enhanced Raman spectroscopy (SERS) is an exceptionally sensitive method that
boosts the Raman scattering of molecules when they are placed on certain nanostructured
materials. By utilizing plasmon-mediated amplification of electric fields or chemical
enhancement, SERS enables the identification of the unique structure of trace analytes with

low concentrations.

12
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Figure 4: Effect of silver nanoparticles labelling on SERS shift (Adapted from [27] and used with publisher
permission)

As it is shown in figure 4, Lulu Lv et al. [27] compared SERS with regular Raman
spectroscopy and stated that using SERS, they obtained a 40,000 times enhancement in
their Raman shift. They declared that by using this method they could detect microplastics

of 100 nm size at the low concentration of only 40 ug/mL.

Gold and Silver colloids are two widely used nanoparticles in SERS applications, each of
which offer some advantages while it may have some drawbacks too. For instance, silver
atoms have higher reactivity compared to gold atoms which makes it more difficult to
create monodisperse nanoparticles in a reproducible process [28]. However, Abalde-Cela
et al. [29] who made a comparison between the effect of Au and Ag nanoparticles on SERS
results stated that silver nanoparticles create a 10 to 100 times larger shift in SERS
spectrum which increases the resolution drastically. Conversely, Gold colloidal can be
generated more homogenously but the SERS shift, they create is not as large as that of

silver colloidal.
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1.6. Flow focusing

Sorting is one of the primary applications of microfluidics. It is widely exploited for sorting
cells and biological particles in drug development and cancer treatments. Sorting
techniques are categorized into two main groups: active and passive. Active sorting
methods refer to microfluidic chips that utilize an external source of energy to perform the
separation of various particles. In contrast, passive sorting techniques take advantage of
variations in geometry to create secondary flows within the main flow using hydrodynamic
forces. This passive method is also referred to as hydrodynamic focusing in the published

literature.

Various geometries have been introduced so far, which are all capable of generating
secondary flow. One way to categorize these geometries is to divide them into two groups
of straight and curved channels. In straight channels, the lift forces, which are introduced
by the shear stress as well as the wall, will counteract each other and as a results exert a
force that makes the particles within the flow to be inclined towards the center of the
exterior wall of the curvature, which is larger [30], [31], [32], [33]. Zhou et al. [34]
modulated the microchannel aspect ratio in order to induce inertial lift force within the
flow. Later on, in another research work, they demonstrated how expansion regions along
the flow in straight microchannels creates micro vortices and causes lift force induced by

the channel walls.

Lee et al. [35] discovered that by sending the flow through a series of contraction and
expansion zones, they can create a secondary flow and focus the sample flow in the middle

of the channel surrounded by the sheath flow. The dimensions of the channel they designed

14



were in the order of tens to hundreds of microns; therefore, the same concept can be

extended to other microfluidic device designs.

Expansion region
3

Figure 5: Hydrodynamic focusing using straight microchannels (Adapted from [35] and used with publisher
permission)

As it is shown in figure 5, Lee et al. [35] discovered that by increasing the number of
contraction-expansion regions, the position of the sample flow can be shifted from one side

and be brought to the center of the channel.

Fluid dynamic gets more complicated when channel geometry includes curvatures since it
develops secondary flow causing the formation of Dean flow, which plays a crucial role in
manipulating microparticles suspended in the flow. This concept is the predominating idea
behind most of the microfluidic systems that are designed to be used in particle separation
applications. This is simply because of the counter-rotating vortices that are generated in
the flow due to this secondary flow [36]. These vortices are created as a result of a balance

between shear-induced lift forces and wall-induced lift forces.

15



Dean flow

In 1927, Dean performed an extensive analysis on the dynamics of flow in microchannels
and discovered that in curved pipes with a circular cross-section, the laminar Poiseuille
flow experiences a centrifugal force [37]. This force disrupts the parabolic profile of the
laminar or primary flow, causing the peak velocity point to shift from the center of the
channel to the concave wall. This shift creates a steep velocity gradient between the
maximum velocity point and the concave wall. Needless to say, convex wall points out to
the inner channel wall and concave wall points out to the outer channel wall. The resulting
steep gradient increases the pressure, and the local velocity near the walls becomes
insufficient to fully counterbalance this pressure gradient. This imbalance, known as Dean
instability, leads to fluid recirculating as vortices that move from the center of the channel

towards the outer wall and then back to the center to balance the pressure gradient.

Flow
F
& 3
o >
5O
- ::)3 S

Figure 6: Counterrotating vortices formed in curved microchannel

As seen in figure 6, the imbalance in pressure and velocity gradients due to Dean instability
leads to the formation of vortices, also known as secondary flow, which is characterized

by a non-dimensional number called the Dean number (De). De serves as a control

16



parameter for the secondary flow, directly indicating the Dean force or the force caused by

the secondary flow in curved channels, and it can be calculated from equation 1 [37].

Dp,
De = Re |— (1)
2R
Where Re is the Reynolds number, D;, is the hydraulic diameter, and R is the curvature
radius. This equation states that the strength of the dean force depends on the flow speed,
channel cross section and the spiral characteristics. The Dean number is an indicator of the
relative importance of centrifugal forces (due to curvature) compared to viscous forces in

the fluid flow.

From this equation, a straight channel can be assumed as a channel with an infinite

curvature radius. In such channel, there will be no secondary flow, and the De will be zero.

The current understanding of Dean flow dynamics in spiral micro-channels relies on the
concept of two counter-rotating vortices. This concept is somewhat validated by various
fluid mixing studies, which, despite being comprehensive, are mainly numerical and
typically limited to low Reynolds numbers, Re < 20 [38]. However, at higher Reynolds
numbers, this assumption of two counter-rotating vortices fails because the actual focusing

positions of cells deviate from the predicted ones [39].

Dean flow applications in particle separation

Hou et al. [40] utilized dean flow phenomena and designed a high throughput microfluidic
device capable of performing size-based separation on circulating tumor cells. It facilitates

migration of the circulating tumor cells across the channel cross section using inertial

17



forces. This device has several advantages over existing methods. First of all, it is capable
of processing and sorting large volumes of clinical samples at an astonishing rate of
approximately 3 liters per hour. Moreover, thanks to its channel geometry and dimensions,
authors claimed that it is free of any risk related to blood coagulation which makes it
superior over the competitors. They conducted a clinical trial on their invented device and

verified through correlation of their numerical calculations with experimental results.
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Figure 7: Curved microfluidic channel for size-based separation of particles (Adapted from [40] and used with
publisher permission)

Figure 7 shows how CTCs (Circulating Tumor Cells), which are larger than RBCs (Red
Blood Cells) and leukocytes, migrate across the channel cross-section during a Dean cycle
and aggregate at the inner side wall of the spiral (convex wall), while RBCs and leukocytes

are collect on the outer side wall of the spiral (concave wall).
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Chapter 2. Method and results

2.1. Proposed design for microfluidic chip integrated with SERS

As shown in figure 8, the suggested design comprises a Y-junction in the beginning. An
aqueous sample which is suspected of carrying microplastics enters one side and silver
nanoparticles are introduced from the other side. After combining both flows, they go
through an array of consecutive contraction and expansion regions. This creates a
secondary flow that helps the stream of specimen to get separated from the wall and gets
focused in the middle of the cross section. This creates the ideal condition for scanning the

flow using the laser beam.

Figure 8: The proposed design for microfluidic chip

After scanning, flow goes through a curved channel that facilitates inertial sorting of the
microplastics based on their size and provides the opportunity of further investigation on

the pollutant origin.
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2.2. Microchannel detail design selection process

To optimize the number of iterations required for efficient flow focusing and particle
sorting, an attempt was made to reverse-engineer most parameters of the microfluidic
device from values reported in relevant published literature. The channel width and height
were selected in a manner consistent with the design proposed by Lee et al. [35]. Based on
CAE results, these dimensions were found to be promising, despite having been originally
designed for a different fluid property (blood). In order to determine the optimum number
of contraction and expansion zones for aligning particles at the center of the channel, a

simulation was conducted using COMSOL Multiphysics.

The design of the curved section of the microfluidic device was inspired by the work of
Hou et al. [40], in which a 630-degree curvature microchannel was employed for particle
sorting of blood samples. For the first iteration of the simulation, the same geometry was
used for particle sorting; however, the results were unsatisfactory, as all particles
accumulated in the same corner of the microchannel after traversing the curvature.
Nevertheless, particle tracking within the microchannel indicated that the largest particles
could be extracted from the flow after the first 180-degree curvature. As a result, the
curvature of the microfluidic device was modified to a 180-degree curved channel with a

constant cross-section.
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2.3. Channel dimension and relevant calculations

The Microchannel consists of a rectangular cross section which is 50um in height and
350um width in the entry zone of the microchannel. The hydraulic diameter calculation of
such channel will be as follows. If we assume “a” as height and “b” as width, then the

hydraulic diameter calculation will be as follows:

4 x (a.b)

m =8.75%1075 (m) (2)

Hydraulic Diameter (D) =

A flow of 50 mL/h would translate into the flow velocity of 0.79 m/s and the Renolds

number calculations will be as follows:

_Q 138x107° (m®/sec) .
YA 75100 (myy 010 (mfsec) ©)

_p.u.Dy
u

Re 73 4)

Where Q is the flow rate, A is the channel cross section, u is the flow velocity, p is the

seawater density and p is seawater dynamic viscosity.

Considering the low Reynolds number, it can be concluded that the flow regime is laminar
throughout the microfluidic channels. Therefore, pressure drop for such flow can be

calculated by the following equation.

128 xpuxLxQ

— i = 9309 (Pa) (5)

AP

This pressure drop should be taken into account for proper pump selection.
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Eventually, having the Reynolds number of 73 and spiral curve of 4 millimeters, the Dean

number (De) calculations will be as follows.

/Dh
= — 6
De = Re R 76 (6)

2.4. Flow driving force

Flow is forced into this microfluidic chip using a syringe pump. These pumps are
affordable, fairly simple to operate and provide even pressure consistently and in a
controlled manner without undesirable pulsations. Syringe pumps also offer other
advantages for this particular application, because the aqueous sample can be stored in the
syringe and then fed into the microfluidic chip gradually until the Spectroscopy is done,
and results are obtained. Needless to say, that water which is the main media and flows
through this microfluidic chip is considered a Newtonian fluid. It means that its viscosity

is assumed to be constant with varying shear rates.
2.5. Y junction

Y junctions are critical components in microfluidic devices, and they are referred to as the
section of the microfluidic device in which either two channels merge and form one
channel or a single channel split into two. The bifurcation angle at these junctions
significantly influences the fluid dynamics within the microchannels. Understanding these

effects is crucial for optimizing microfluidic designs for specific applications.
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Pressure drop across any type of Y junction is a critical factor influencing fluid flow. As
the bifurcation angle increases, pressure drop tends to increase due to the higher resistance
encountered by the fluid. At smaller angles, flow splits more smoothly, resulting in a
relatively lower pressure drop. In contrast, larger angles create sharper turns for the fluid,
causing greater turbulence and energy dissipation, which manifests as a higher pressure

drop.

Velocity distribution within the microchannels also varies with the bifurcation angle.
Smaller bifurcation angles result in more uniform velocity profiles in the daughter
channels, promoting laminar flow conditions. As the bifurcation angle increases, the
velocity profiles become more skewed, with higher velocities near the outer walls of the
channels due to the centrifugal forces acting on the fluid. This can lead to increased shear

rates and potential flow instability at larger bifurcation angles [41].

Frictional losses in microfluidic channels are influenced by the bifurcation angle due to the
changes in flow direction and velocity gradients. Smaller bifurcation angles tend to have
lower frictional losses as the flow remains more streamlined. In contrast, larger angles
induce greater frictional forces as the fluid navigates sharper turns, leading to higher energy

losses and potentially affecting the efficiency of the microfluidic processes [42].

2.6. Dean flow and flow focusing within contraction-expansion
array

Raman spectrometer laser beam spot size ranges from half a micron to 10 microns

depending on the application and laser beam characteristics. Therefore, to have an accurate
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scanning of the specimen the particles should be focused in the middle of the channel
ideally. To achieve this goal, an array of consecutive expansion and contraction chambers
are designed along the pass for the flow. This series of expansion and contractions causes
a secondary flow within the channel that separates the specimen from the side wall and
brings it in the middle of the channel. COMSOL Multiphysics ® version 6.0 was used to

visualize this effect.

Figure 9: Array of consecutive contraction and expansion zones in the suggested design of the microfluidic device

As shown in figure 9, five consecutive zones of contraction and expansion are incorporated
in this microfluidic chip design. Despite introduction of the sample from the lower inlet
and PBS (Phosphate Buffered Saline) introduction from the upper inlet, the sample flow
starts to depart from the side under the influence of the secondary flow. In fact, as the
mixture of the sample flow and the PBS pass through the contraction and expansion zones
a secondary flow is created which results in separating the sample flow from the side wall
and getting it focused somewhere on the middle of the channel. This creates the ideal
situation for the particles within the sample to be scanned by the Raman Spectrometer. Lee

et al. [35] demonstrated these phenomena by introducing PBS and a die replicating red
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blood cells from two different inlets of a similar array of consecutive expansion and
contraction zones. Figure 10 shows how after passing through a certain number of zones,

the die flow departs from the S2 wall and centers in the middle of the channel.

...........

Figure 10: Die flow focusing in the middle of the channel (Adapted from [35] and used with publisher permission)

By running simulations, they realized that there is a correlation between the number of the
expansion-contraction zones with the distance of the die from the side wall. Additionally,
they backed up this finding by experiment. According to what is shown in figure 11 plotted
by Lee et al. [35], the sample flow ideally focuses in the middle of the channel after passing

through four to five expansion-contraction zones.
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Figure 11: Effect of contraction zones quantity on lateral position of the flow (Adapted from [35] and used with
publisher permission

As shown in figure 12(A), this geometry was transplanted into the microfluidic chip design

which is the subject of the project. Similarly, an aspect ratio of 1:7 was selected for the
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design of contraction and expansion regions. 3D simulations of the suggested design show
how the secondary flow forms right after passing the expansion zone when the flow just
enters the contraction area (see figure 12(B)). Passing flow through five sets of contraction
and expansion regions shows promising results according to the simulations, as maximum

of the secondary flow pointed towards center of the channel.
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Figure 12: (A) Optimum cross section in terms of having maximum concentration of the sample in the middle of the
cross section, (B) Secondary flow formed at the beginning of the contraction zone after passing five sets of contractions
and expansions
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2.7. Particle tracking

COMSOL Multiphysics ® version 6.0 was used for the particle tracking within the
designed microfluidic chip. Seawater is defined as the medium flowing through the
microfluidic channel since this device is going to be used for analyzing microplastics

within the waterbodies.

In general, the governing regime is assumed to be laminar flow considering the flow rate
and channel dimensions. The inlet flow speed is set at velocity field value and the outlet

pressure is set at atmospheric pressure (0 atm gauge pressure).

The initial design for the spiral section comprised a 630° spiral as it can be seen in figure
13. Simulation showed that in such spiral channel, the larger particles (shown with a red
arrow in figure 13) due to their higher inertia are less affected by the Dean force and
therefore they tend to stay longer in their initial position as the flow goes down the spiral.
Conversely, smaller particles that are lighter and have relatively less inertia, first move
towards the convex wall (inner wall) of the channel during the first 180° of their travel
through the microchannel. However, when the flow goes further into the spiral, the smaller
particles then move back towards the concave wall (outer wall) again under the influence
of the Dean flow. This lateral migration of the floating particles between the inner and
outer wall is what Hou et al. mentioned as Dean Cycle (DC) in their work [40]. Therefore,
for an efficient separation of the smaller particles from the larger ones, they should be
bifurcated somewhere down the spiral where both particles are well departed and are on

the opposite sides of the channel wall.
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Figure 13: A complete Dean Cycle for a certain floating particle at relatively higher size and weight within the cluster

The second design is engineered based on the obtained results from the previous design
and it only contains a 180° degree microchannel that would separate the larger particles

from the other ones.

In the second design, three different particles of various sizes (6, 10, and 20 micrometers),
mimicking the microplastics within the water were released at the inlet of the curved

channel and were tracked while they were traveling along the channel.

In addition to the dynamic forces caused by the flow itself, the effect of wall-induced lift
forces for all surrounding walls was considered during the simulation. Moreover, the drag

force within the entire volume of the chip was calculated under the Stokes Drag law option
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within the software. It is due to the fact that in low flow rates, microfluidic systems operate
in the Stokes Flow regime, in which viscous forces are dominant compared to inertial

forces.

As shown in Figure 14, a coarser mesh size was selected for this analysis, resulting in a
decent resolution in the sharp corners and transition points. Moreover, it lowers the run
time for the simulation which is advantageous considering the limitation on the
computation power of the device used for this simulation. Additionally, to further simplify
the geometry, this section of the microfluidic device was modeled and analyzed as sole

device separated from rest of the microfluidic chip.

10 %107 m

Figure 14: The modified design for an efficient separation
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The obtained result is shown in the figure 15 that illustrates despite all three particles being
initially released from the same inlet at the entry of the curved section of the microfluidic
chip, further downstream, the smaller particles got separated from the larger one due to

their inertia and become inclined towards the convex wall (inner wall).

Time=0.51s Particle trajectories

0.2

0.1

x10% m

10
Outer outlet Inner outlet ° 0

x107%m

Figure 15: Inertial separation of the floating particles

The scale bar in Figure 15 shows the particles’ speed (m/s). As expected, larger particles
(20 um) travel slower along the microchannel compared to smaller ones and exit through

the outer outlet.
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Chapter 3. Discussion

3.1. Discussion

The present project introduces a microfluidic device integrated with SERS for continuous,
real-time characterization of microplastics. The suggested microfluidic chip has a relatively
simple geometry including a flat structure which offers ample advantages over
sophisticated designs as it is easier to fabricate with a lower scrap rate. It mixes the sample
that contains microplastics with a buffer such as PBS and then by passing the mixture
through an array of consecutive expansion and contraction zones, initiates a secondary flow
within the main flow. This secondary flow focuses the microplastics in the middle of the
channel and makes them ready to get scanned by SERS laser beam. Silver nanoparticle
(NPs) is suggested for this method since it has been reported to create a higher shift in

Raman spectrum and yield in a

According to the research work done by Lee et al. [35] there is an optimum number of
expansion and contraction zones that would bring the particles in the middle of the channel.
The microfluidic device introduced in this project is inspired from that research work and
utilized the same geometry and results in order to achieve perfect focusing of the particles

in the middle of the microchannels.

Afterwards, the microchannel turns into a spiral channel in order to create dean flow and
separate floating particles and provides opportunity of further analysis on the particles in

the downstream by bifurcating them into multiple sub microchannels. Simulation results
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of the second design done by COMSOL Multiphysics agrees with the Dean Cycle concept
introduced by Hou et al. [40] as it showed that in a 630° spiral, the smaller particle (with
the size of 6 and 10p) after 180° of the spiral moves toward the opposite side wall of the
channel. However, as it goes further downstream at around 630°, they tends to return
towards the concave wall (outer wall). Therefore, to have an efficient separation of the
particles, the bifurcation was designed to occur at around 180° where the largest particle
(20um) can be separated. Using the same technique the other two particles, and in general

particles of any size can be separated further down the spiral.

3.2. Future work

In this project only three different sizes of particle are studied, and the microfluidic device
is engineered based on obtained results. However, in real world examples microplastics
can vary in size up to a few millimeters. In case of having access to a more powerful
computing tool, a more extensive analysis can be done in at attempt to cover a wider range
of microplastic particles. In addition, fabricating the suggested microfluidic device can be

assumed as a proof of functionality and efficiency.
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