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Summary 

Microplastic pollution has become a significant environmental concern due to its adverse 

effects on ecosystems and human health. In this master's thesis, the development of an 

electrochemical sensor for the detection of microplastics in aqueous media is presented. The sensor 

was developed utilizing the “impact concept” which basically states that the microplastic particles 

generate a signal at the time of making impacts with the working electrode of the sensor. From the 

attained signals of these impacts, microplastic particles present in the aqueous sample were detected 

utilizing the spike counts generated from the impacts and quantified using FFT analysis. The result 

shows that for microplastics concentrations as volume fractions (v/v) 0.005%, 0.02%, 0.03%, and 

0.04%, prominent peaks are observed around 5 Hz, 20 Hz, 21 Hz, and 24 Hz respectively, whereas 

the control solution of 0% displayed no such peaks. Electrochemical impedance spectroscopy (EIS) 

was studied as an alternative detection modality for the detection and quantification of 

microparticles where a calibration coefficient was determined in terms of constant phase element 

(CPE) for the aqueous solution with the absence of microplastics and different concentrations of 

microplastics in the solution. 

This thesis report begins with a brief introduction to the project. A comprehensive review of 

literature and background studies from which the motivation for this research work emerged is also 

presented. The obtained results demonstrate the sensor's capability to detect microplastics utilizing 

a 100 nA range current and exhibit a linear response over a wide concentration range. The developed 

electrochemical sensor can quickly and directly detect microplastics in aqueous solutions. It is a 

potential instrument for environmental research and monitoring due to its relatively simple design 

and operation. A possible improvement of the sensor can be made on the working electrode’s 

diameter, as it should be reduced to below 10 µm to increase its capability to detect microplastic 

particles individually. The sensor is intended to be part of a system where microplastics are pre-

concentrated at the sensor through an acoustic actuator focusing on an integrated microfluidic 

device. 
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1 Introduction  

The production of plastic worldwide has increased dramatically in the past decades. 

Unsustainable disposal of used plastics has led to global pollution in all parts of the environment. 

Although plastics do not biodegrade easily, they break down into microplastics and nanoplastics, 

which are defined as small pieces of plastic debris that are less than 5 mm in length and found in 

different environments like water, soil, and air. Microplastics can exist in the environment for 

hundreds of years as they do not biodegrade and their accumulation in the food chain has made 

them a significant environmental concern and also a major health concern for living beings, including 

humans. Their presence can negatively affect animal and human health, as well as disrupt ecosystems 

by interfering with feeding and reproduction [1]–[5].  

Most of the plastic waste gets dumped into the marine environment and after many years of 

degradation, these plastics become microplastics. However, there is no easy and cost-effective 

solution to detect microplastics in aqueous media and in order to mitigate the negative impact of 

microplastics, there’s a need to develop mobile low-cost units for microplastics detection. Thus, 

facing this challenge, this research project seeks to develop such a system in which microplastics in 

aqueous media can be detected using electrochemical sensors.  

The main inspiration was taken from the “impact concept” introduced by Shimizu et al. [6] in 

their research work to detect microplastics. This study examines collisions between tiny polyethylene 

insulating particles floating in an aqueous electrolyte solution. The publication describes the finding 

of current transients (spikes) that are connected to these particle collisions. Although microplastic 

particles of polyethylene material are insulators, the current spikes seen during impacts suggest that 

the current comes from the reduction of oxygen, and where the microplastic particles work as oxygen 

carriers. This project aims to leverage this “impact concept” as an effective method to detect 

microplastics in aqueous solution. Furthermore, the project utilized alternative methods such as 

impedance spectroscopy analysis, and signal processing techniques like FFT analysis to establish ways 

to interpret the signal.  

This report is organized as follows. Chapter 2 explains the motivation behind this research work 

through literature reviews, background studies, and theoretical aspects of different technological 

concepts used in this project. Chapter 3 describes the methodology used for carrying out the research 

work. Chapter 4 displays and discusses the results obtained from the experiments carried out in this 

project. Chapter 5 discusses the challenges and overall outcomes of this project. Section 6 concludes 

and discusses the future works that this research work paved the way to.  
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2 Literature Review and Background 

This chapter discusses the literature review and background from which the motivation for this 

research work emerged and different theoretical concepts that were utilized. 

2.1 Microplastics 

To understand the characteristics and impacts of microplastics, it is important to have a 

background knowledge of microplastics itself. This section gives a brief introduction to plastic 

pollution with different types of plastics, microplastics, and the effect of microplastics on living 

beings.  

2.1.1 Plastic pollution and common types of plastics 

Plastics, which are generated from oil or gas via polymerization, have revolutionized the 

industry due to their light weight, toughness, and resilience towards corrosion [5], [7]. Since the 

emergence of the first modern plastic called “Bakelite”, in 1907, a broad variety of plastics have been 

mass-produced and extensively employed in a variety of applications. Plastic manufacturing 

increased dramatically, reaching 390.7 million tons in 2021 [8]. Plastic is popular because of its 

durability, but because it is so resistant to deterioration, disposing of any sort of plastic garbage can 

be difficult. Municipal garbage, which accounts for 10% of the world's waste production, contains a 

sizable part of plastic debris, including waste from disposable things like packaging materials [9].  

Marine litter occurs due to garbage dumping carried out directly or indirectly into the seas 

and oceans [10]. Among all marine debris, it is estimated that 80% of the plastic waste comes from 

terrestrial sources [11]. Numerous studies have demonstrated how freshwater systems' 

unidirectional flow plays a significant role in the transfer of plastic waste into marine environments 

or oceans [12]. 

Different types of plastics are used for several kinds of applications. Table 1 shows different 

types of plastic classes and the products that are manufactured from them which are ultimately 

found as marine debris.  
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Table 1: Different types of Plastics that are commonly found in marine debris [11], [13] 

Plastic Class Products and Typical origin 

Low-density polyethylene (LDPE) Plastic bags, six-pack rings, bottles, netting, 

drinking straws 

High-density polyethylene (HDPE) Milk and juice jugs 

Polypropylene (PP) Rope, bottle caps, netting 

Polystyrene (PS) Plastic utensils, food containers 

Foamed Polystyrene Floats, bait boxes, foam cups 

Nylon Netting and traps 

Thermoplastic Polyester, i.e., 

polyethylene terephthalate (PET) 

Plastic beverage bottles 

Polyvinyl chloride (PVC) Plastic film, bottles, cups 

Cellulose Acetate Cigarette filters 

Polypropylene (PP) Baby milk bottle, food grade bottle package  

 

2.1.2 Microplastics and their sources 

The freshwater sources that mostly flow down to the oceans or marine environment play a 

significant role in transferring plastic wastes into the marine environment. Freshwater sources are 

mostly rivers and lakes that are utilized by humans to collect and process the water for daily use, as 

well as to drink. However, these freshwater sources also get polluted with many kinds of waste, 

including plastic waste, at a high rate. 

Small plastic pieces are produced from the degradation of bigger plastic pieces in marine and 

terrestrial ecosystems. Physical, biological, and chemical processes degrade the structural stability of 

plastics over time, leading to fragmentation. UV rays from the sun's rays cause photo-degradation, 

which causes the polymer matrix to disintegrate and release additives [9], [10]. Due to exposure to 

sunshine, plastic waste on beaches deteriorates quickly, becoming brittle and cracking. Through 

abrasion, wave action, and turbulence, plastics become more vulnerable to fragmentation [11]. This 

process keeps going until the particles are the size of microplastic. Researchers have different 

opinions to define the standard size of microplastics. However, the most widely acceptable size of 

plastic particles that can be defined as microplastics is <5mm [1], [2], [10], [11]. The smallest 
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microplastic fragments found in seas are around 1.6 µm in diameter [14]. Degradation of plastics that 

results in microplastic particles can be classified into the following categories [11]: 

(a) Biodegradation is the result of living things, often micro-organisms. 

(b) Photodegradation is the result of light (often sunshine when exposed outside). 

(c) Thermo-oxidative degradation is a gradual oxidative breakdown that occurs at normal 

temperatures. 

(d) Thermal deterioration, which is caused by extreme heat (not an environmental degradation 

process). 

(e) Hydrolysis - water-based reaction. 

Common polymers are usually photo-oxidatively degraded in the marine environment when 

exposed to UV-B rays. As long as there is oxygen available, this destruction can also proceed thermo-

oxidatively without additional UV exposure. Compared to light-induced oxidation, other degradation 

mechanisms are substantially slower [11]. Beaches or shores are therefore the most probable 

location for the production of microplastics in the marine environment. Since different types of 

plastic waste exist in the marine environment, the microplastics generated from these wastes aren't 

formed of just one substance. Rather, they are a complicated mixture of hundreds of chemically 

distinct molecules. 

Microplastics have recently been discovered in drinking water and its sources, raising serious 

concerns and generating debates about possible negative effects on human health. In their review, 

Koelmans et al. looked at fifty research that investigated microplastics in important freshwater 

sources such as rivers, lakes, groundwater, tap water, bottled drinking water, and wastewater [15]. 

Their research showed that freshwaters and drinking water frequently include microplastics. Over 

ten orders of magnitude (1*10-2 to 108 #/m3) in size, the contents of microplastics varied 

dramatically between various samples and water types [15]. The documented concentrations of 

microplastics found in both tap and bottled water vary from 0 to 104 particles per liter [15]. According 

to a more focused statistical analysis, greater counts are being seen for smaller-sized microplastics. 

Another study reports that the abundance of microplastics varies depending on the location, ranging 

from over 1 million pieces per cubic meter to less than 1 piece in 100 cubic meters [16]. Figure 2.1 

shows the concentration of microplastics in different types of water sources which indicates a 

significant concern regarding the issue. The result indicates the significant amount of microplastics 

found in drinking water sources.  
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Figure 2.1 Box and whisker plot illustrating the central tendency and variability of microplastic 

number concentrations across different water types, based on individual sample data (WWTP = 

Waste Water Treatment Plant) [15] 

2.1.3 Presence of microplastics in different consumer products 

Due to their small dimensions and degraded conditions, microplastics have several origins 

and channels from where they enter the environment, making it challenging to track their origin. 

Microplastics' size, color, form, and polymer type, among other features, might offer hints regarding 

their origin. For instance, polyethylene-based spherical microbeads are typically found in personal 

care products. Industrial pellets are typically 3 to 5 mm long microplastics that are cylindrical or oval 

in form. Synthetic garments or textiles are frequently linked with colorful polyester microfibers. These 

distinguishing features of microplastics can also point to the sources of their introduction into the 

environment, such as industrial wastes, agricultural waste, stormwater runoff, the release of 

wastewater, recycling plants, landfills, or fishing equipment [1]. 

The presence of microplastics and synthetic microparticles in honey and precipitation 

provides evidence that they are airborne [17]. During precipitation events, fibers and pieces have 

been discovered in the rainfall, lending credence to the idea that microplastics are airborne. These 

contaminating particles may wind up on flowers and other vegetation, where they may combine with 

pollen and be carried to beehives by bees. Additionally, it has been shown that samples of German 

beer are potentially contaminated with microplastics, the most prevalent type being fragments [18]. 

Materials employed in the brewing process or atmospheric deposition might be to blame for the 

pollution. Additionally, it has been shown that store-bought sea salt contains microplastics [19]. 

Especially PET and PE, which most likely come from air deposition or coastal waterways, as these 
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seawaters are eventually used for the production of salt. Therefore, it has become quite evident that 

the pollution of the atmosphere by microplastics is causing their prevalence in diverse food sources. 

However, it is still unclear how their presence in food may affect human health. 

2.1.4 Impact of Microplastics on marine life and human health 

Microplastics have been detected in a wide range of marine organisms, spanning from 

zooplankton to whales [20]. Even though the exact impact of microplastics on human health and 

marine lives yet to be fully understood, some studies suggest that microplastic exposure can have 

adverse impacts on gene expression, survival, or reproductive output of organisms [21]. The diversity 

of physical and chemical characteristics of microplastics that organisms are exposed to may play a 

factor to determine the exact impact factors of microplastics on marine life and human health. It is 

suspected that even if microplastic particles are not toxic material itself, they might have the 

potential ability to act as a carrier of other toxic elements that are harmful to organisms and humans. 

Nonetheless, the impact of microplastic exposure in the long term cannot be neglected [21].  

Seabirds were utilized as bioindicators in a research on marine lives affected by plastic 

pollution. The study reported that these creatures are at risk of getting entangled in plastic waste, 

which might result in skeletal damage, hunger, abrasions to the skin, and asphyxiation. Plastic 

consumption can also result in bowel obstruction, damage to the gut lining, illness, and death of 

these marine creatures [22]. Nanoplastics, which are small microplastics, can pass past digestive 

membranes and build up in tissues and organs. Gene expression interference, oxidative stress 

induction, immunological reactions, genomic instability, hormonal system problems, neurological 

damage, reproduction defects, embryotoxicity, and trans-generational toxicity are the 

suggested long-term effects indicated in the study [22]. Another research suggests that numerous 

elements, such as variations in the polymer type, size, form, and chemical makeup, can affect how 

microplastics affect organisms. Researchers have looked at various combinations of these features 

and corroborated these conclusions through numerous laboratory experiments. The chemical 

additions or component monomers utilized during the manufacturing process may be connected to 

the possible damage produced by various polymer types [23]. Some polymers, such as PVC and 

polyurethane, may have chemical components that make them possibly mutagenic or carcinogenic. 

This is one of the reasons why PVC is avoided in the manufacturing of consumer products [13]. In 

contrast, it is thought that other polymers, such as polyethylene and polypropylene, are less reactive. 

Additionally, tiny, elongated, or irregularly shaped microplastic particles have a larger surface area-
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to-volume ratio than other types of microplastics, which increases their ability to absorb dangerous 

compounds that may harm organisms that consume microplastics [24]. Furthermore, the physical 

characteristics of microplastics, such as their size, may have an impact on their toxicity. Due to their 

probable capacity to move across organisms' cells and tissues, smaller microplastics, including 

nanoplastics, are thought to be more dangerous [25]. 

Another research looked at the ingestion of microplastic fibers and microplastic particles by 

two tiny marine creatures that are significant in the marine food chains of the North Pacific Ocean: 

Neocalanus cristatus (a calanoid copepod) and Euphausia pacifica (an euphausiid) [26]. Using an acid 

digestion technique, individual zooplankton were examined, and microplastics were discovered in 

both species. The encounter rate for copepods was around 1 particle per 34 individuals, whereas the 

encounter rate for euphausiids was 1 particle per 17 individuals. The preference for bigger food 

particles by euphausiids accounts for the variation in food size preferences. In addition, the study 

found that euphausiids ingested fewer microplastic fibers if they were farther from the shore, which 

is in line with earlier results from seawater samples. Because lower trophic-level creatures can 

confuse microplastics for food, these findings raise questions about the possible hazards to higher 

trophic-level species. The study also focuses on the possible effects on salmon populations, 

predicting that young fish in coastal British Columbia may consume 2–7 microplastic particles per day 

through the consumption of zooplankton, whereas adult salmon may consume more than 91 

particles per day [26]. 

Microplastics were also discovered in ten distinct fish species during a research in the English 

Channel. 36.5% of the 504 fish that were tested had plastics in their gastrointestinal tracts. The 184 

fish that swallowed plastic were of both pelagic and demersal species, with an average of 1.90 (± 

0.10) pieces per fish [27]. Researchers found 351 fragments of plastics using FT-IR Spectroscopy, and 

the most frequent components were polyamide (35.6%) and rayon (57.8%) [27]. Pelagic and 

demersal fish did not significantly differ in the amount of plastic they ingested. The finding 

indicates that marine life generally consumes plastics regardless of their ingestion habit. The study 

also showed that most swallowed plastics were microplastic particles, defined as those smaller than 

5 mm [27]. Figure 2.2 shows the frequency of plastics ingested by different fish species according to 

different plastic particle sizes. 
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Figure 2.2 Frequency of Plastic Particles ingested by Fish Species according to Particle sizes [27] 

The potential migration of microplastics from the environment to organisms, including 

mammals, has also raised concerns. A research by Ragusa et al. focused on six placentas taken from 

women who had healthy pregnancies as they looked into the existence of microplastics in human 

placentas [28]. The investigation found microplastic pieces in these placentas that were between 5 

to 10 μm in size and had spherical or irregular forms. Microplastic fragments have been detected in 

the chorioamniotic membranes, maternal side, and fetal side of four of the studied placentas [28]. 

The study also looked at these particles' shape and chemical structure. Figure 2.3 presents 

hypothetical mechanisms by which microplastics can enter human tissues. Mechanism A suggests 

that microplastics ingested with food can be taken up by M cells in the gut and transported through 

the lymphatic circulation. Mechanism B proposes that microplastics may penetrate the intestinal 

lumen through loose junctions, aided by inflammatory states. Mechanism C explains that the upper 

respiratory tract's thicker mucus layer and ciliated epithelium help clear foreign particles. Mechanism 

D shows the lower respiratory tract, where microplastics can diffuse through the thinner mucus layer 

and reach circulation. 
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Figure 2.3 Illustration of hypothetical mechanisms for the penetration of microplastics into human 

tissues [28] 

Another team of researchers looked at the potential for ingestion and inhalation of 

microplastics to have negative health effects in humans. Similarities are potentially found with 

particulate air pollution, where microscopic particles (<2.5 μm) can enter cell membranes and cause 

oxidative stress, inflammation, and an increased risk of lung cancer, cardiovascular disease, and 

respiratory disorders [29]. Whereas, an average eukaryotic cell size ranges from 10 to 100 μm in 

diameter [30]. Such ability of microplastic particles indicates the potential risk of microplastic 

ingestion through drinking water might also create a negative impact on the human body. Research 



 

  

___ 

16 
 

works on human cells in culture, rodents, and aquatic species have provided evidence that 

microplastics smaller than 10 µm have the ability to migrate from the gastrointestinal tract into the 

lymphatic and circulatory systems, resulting in widespread exposure and accumulation in various 

tissues such as the liver, kidney, and brain [31].  

A literature review by Wright and Kelly presents an overview of the impact of microplastics 

on human health [32]. Microplastics can adsorb and concentrate hydrophobic organic contaminants 

(HOCs) such as polycyclic aromatic hydrocarbons (PAHs), organochlorine insecticides, and 

polychlorinated biphenyls (PCBs) to a significant degree due to their hydrophobic surface. They also 

gather heavy metals, including lead, cadmium, zinc, and nickel. Because endogenous chemical 

additives are included during the production of plastic goods, microplastics may act as carriers of 

these additives. These additives are prone to leaking into the surrounding media because they are 

not chemically bonded to the plastic polymer matrix. When microplastics are absorbed and spread 

to nearby tissues, these pollutants may be discharged. When inhaled or ingested, microplastics can 

withstand mechanical clearance, resist chemical decomposition in living organisms, and may even 

get stuck or entrenched. Along with the dosage, one important element that raises concern about 

their potential hazards is their capacity to persist in the body [32]. 

2.2 Microplastics Detection Techniques 

There are several detection methods to identify and analyze microplastics. However, most of 

these available techniques require high-tech laboratory facilities. Regardless of the fact that both 

qualification and quantification studies on microplastics are commonly carried out by researchers 

using different advanced technologies, there is still no universally accepted detection or analysis 

technique available for detecting microplastics in aqueous media. [16].  

Data collection and processing have been revolutionized by the Fourier transform (FT) 

approach used in infrared (IR) spectroscopy, which was made possible by reliable and powerful lasers. 

Modern computers have made it possible for efficient and precise analysis of IR spectrum data thanks 

to FTIR spectroscopy. In FTIR spectroscopy, the wavelength and intensity of absorption of IR light by 

a material are measured [33]. The FTIR method is based on the selective absorption of particular 

wavelengths by the molecular covalent bonds, which results in changes in vibrational energy. As a 

result of the varied frequencies that different bonds and functional groups absorb, diverse 

transmittance patterns are generated, which can then be plotted as an FTIR spectrum [34]. 
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Raman spectroscopy is an analytical method that analyzes a sample's vibrational energy modes 

by using scattered light. The polarization of the molecular electron cloud results from the light 

photon's fluctuating electromagnetic field when it interacts with a molecule. The molecule is 

momentarily elevated to the virtual state, a higher energy level, as a result of this interaction. The 

photon swiftly emits as dispersed light after a brief period of time in the virtual state. Most of the 

time, the energy of the molecule is unaltered, and the scattered photon has the same energy and 

wavelength as the input photon. Elastic or Rayleigh scattering is this phenomenon, which governs 

Raman spectroscopy [35]. For microplastic detection, Raman spectroscopy has been one of the 

earliest detection methods [36]. 

Several methods are currently available for detecting microplastics. Each of them has their 

particular advantages and disadvantages. Table 2 gives an overview of different microplastic 

detection techniques along with their different characteristics.  

Table 2. Traditional techniques for detecting and analyzing microplastics [16] 

Method  Methodology Particle Size 
Detection 
Level 

Advantages Disadvantages 

Visual Method Microscopic 
Counting [37] 

Pre-treated samples 
are examined using 
microscopy, and the 
particles are directly 
counted. The samples 
are inserted through 
Petroff-Hausser 
counting chamber or 
hemocytometer. This 
causes the particles in 
the chamber to be 
separated and spread 
almost equally 
throughout the area. 
The chamber is placed 
under an optical 
microscope to collect 
visual images which is 
ultimately used for 
counting the 
microparticles.  

The 
stereomicroscope 
can identify 
particles as small 
as a micro-meter 
in size. 
 

This method allows 
for quick 
identification of 
samples with a high 
concentration of 
large microplastics, 
providing an 
overview of 
microplastic 
abundance. 
 

This method 
alone cannot 
determine the 
nature of the 
samples, so it 
should be used in 
conjunction with 
other listed 
identification 
methods. 
 

Spectroscopic 
Method 

FTIR [38] Samples are exposed 
to infrared radiation 
within a specific range, 
and the resulting 
vibrations reveal their 
composition and 
molecular structure. 
Plastic polymers 
exhibit unique IR 
spectra with distinct 
band patterns. 
 

ATR-FTIR can 
analyze larger 
particles (>500 
µm), while 
microscopy 
combined with 
FTIR can be used 
for smaller 
particles (down to 
20 µm). 
 

FTIR-based 
techniques are 
established, rapid, 
reliable, and non-
destructive. 
Advanced FTIR 
imaging, like FPA, 
enables the quick 
acquisition of 
thousands of spectra 
in a single 
measurement and 

It is crucial for 
samples to react 
to IR, and 
particles smaller 
than 20 µm may 
not yield 
interpretable 
spectra with 
sufficient 
absorbance. 
Analyzing non-
transparent 
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reduces the analysis 
time. 
 

particles is 
challenging, and 
specialized and 
costly 
instruments 
require skilled 
operators for 
data processing. 
Factors like 
biofilm formation 
and IR-active 
water affect data 
interpretation, 
requiring sample 
pre-treatment. 
 

 Raman 
Spectroscopy 
[39] 

When laser light 
interacts with a 
sample, it causes a 
Raman shift in the 
back-scattered light, 
enabling the detection 
of substance-specific 
Raman spectra. 
 

Microscopy 
combined with 
Raman 
Spectroscopy (RS) 
is suitable for 
particles larger 
than 1 µm and is 
the only available 
method for 
particles between 
1 and 20 µm. 
 

Microscopy-coupled 
RS allows high-
resolution analysis 
of small particles (1 
to 20 µm), with 
minimal 
interference from 
water. It is effective 
for non-transparent 
and dark particles, 
enabling fast 
chemical mapping 
and automated data 
processing. 
 

Fluorescence 
from biological 
and impurities 
can hinder 
microplastic 
identification 
with RS. Sample 
purification is 
necessary, and 
selecting suitable 
acquisition 
parameters is 
crucial. 
Automated 
micro-RS 
mapping is still in 
development, 
and RS analysis 
can be time-
consuming. 
 

 Scanning 
Electron 
Microscopy [40] 

By measuring the 
secondary ions 
resulting from the 
interaction of an 
electron beam with 
the sample, images of 
the sample are 
generated, offering 
detailed information. 
 

The method 
enables the 
analysis of 
particles ranging 
from micro-scale 
and upwards. 
 

This technique 
allows for the 
creation of high-
resolution images, 
providing detailed 
views of the 
samples. 
 

To conduct the 
analysis, samples 
must be coated 
in a high vacuum 
environment. 
However, it does 
not provide 
specific 
identification 
details. 
 

Chromatographic 
Method 

Thermo-
analytical 
Method 
(Pyrolysis 
GC/MS) [41] 

Samples are subjected 
to thermal treatment 
at room temperature, 
capturing the released 
gases for analysis in a 
GC (Gas 
Chromatography) 
column coupled with 
quadrupole – MS 
(Mass Spectrometry). 
The resulting pyrolysis 
spectra are compared 
to a database of 
commonly found 
plastic types. 
 

This technique is 
suitable for 
samples larger 
than 500 mm, 
which can be 
manually handled 
using tweezers. 
 

The method allows 
for the analysis of 
the sample and its 
organic plastic 
additives in a single 
run, eliminating the 
need for solvents 
and preventing 
background 
contamination. It is a 
reliable and sensitive 
approach, supported 
by a library of 
spectra data for 
some widely used 
polymers. 

Each analysis run 
focuses on a 
single particle 
with a specific 
weight, and the 
available 
pyrolysis 
database covers 
only selected 
polymers like 
polyethylene and 
polypropylene. 
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 Liquid 
Chromatography 
[40] 

The samples are 
dissolved using specific 
solvents, and size 
exclusion 
chromatography is 
utilized to measure the 
distribution of 
different molar 
masses. HPLC (High-
Performance Liquid 
Chromatography) 
analysis is then used 
for quantification. 
 

To conduct this 
testing method, a 
sufficient sample 
size of several 
milligrams is 
required for the 
chemical 
extraction 
process. 
 

The recovery rates 
for the selected 
polymers were 
found to be high. 
 

This method has 
limitations in 
determining 
physical 
characteristics 
such as size and 
is restricted to 
analyzing specific 
polymer types 
like PS and PET. 
Furthermore, its 
applicability to 
environmental 
samples is 
limited, and only 
a small number 
of samples can be 
analyzed in each 
run. 
 

Other Methods Tagging Method 
[42] 

Microplastic surfaces 
are coated with a 
hydrophobic dye, 
resulting in 
fluorescence upon 
blue light exposure. 
 

This visualization 
method allows for 
the counting of 
microplastics, 
including those at 
the microscale 
range. 
 

The technique is 
simple and offers a 
quick and affordable 
way to screen for 
microplastics. It 
involves counting 
the fluorescent 
particles and 
potentially 
identifying them. 
 

It's crucial to 
consider that the 
dye may stain 
other particles, 
such as organic 
debris, leading to 
an overestimate 
of the actual 
abundance of 
microplastics. 
 

 

Apart from these traditional techniques, researchers have been working on developing more 

convenient methods to detect microplastics. Asamoah et al. developed a portable optical sensor 

prototype specifically designed for identifying translucent microplastics in freshwater environments. 

They employed commercial PET plastic, known for its transparency, and LDPE plastic, which has a 

translucent property. These plastic samples were combined and examined using a handheld optical 

device powered by a battery and equipped with a CCD (Charge-Coupled Device) camera. By utilizing 

the measurement principle of the handheld device along with the imaging capabilities of the CCD 

camera, they achieved successful detection and evaluation of curved plastic items. The exceptionality 

of this prototype lies in its capability to detect microplastics on non-flat surfaces, making it a valuable 

tool for nonplanar sample analysis [43]. Using a similar optical technique and combining it with 

Raman Spectroscopy, Iri et al. developed a prototype device utilizing an optical system to detect 

microplastics in water. This low-cost system is based on a Raman spectrometer and costs around 

$370. It consists of components such as a collimated laser (5 mW), a sample holder, a notch filter, a 

diffraction grating, and a CCD sensor, all integrated into a 3D printed case. Through their experiments, 

they demonstrated that this system is capable of detecting microplastics in water even at 

concentrations as low as 0.015% w/v [44]. 



 

  

___ 

20 
 

In contrast to spectroscopic methods, the thermal analysis approach is utilized for assessing 

any form of changes in the chemical and physical characteristics of substances based on their thermal 

stability. By assessing the thermal stability or thermal degradation of polymers, thermal analysis can 

provide information on their composition [45]. Another study aims to investigate the movement 

mode of microplastics and develop a method for detecting low concentrations of microplastics using 

surface plasmon resonance (SPR). The researchers prepared 20-micrometer microplastics by grinding 

and filtering and studied their characteristics using SPR. Chromatographic analysis revealed that the 

elution time of microplastics depends on their surface charge, while estrogen receptors (ERs) play a 

supporting role. The SPR sensorgram showed distinct patterns of microplastics, this indicates their 

rolling movement on the ERs. The analysis demonstrated that the number of microplastics on SPR 

had a linear relationship with the response unit, allowing for quantification. [46]. 

2.3 Theories 

This chapter explains some of the theories of technology and analysis that were utilized for this 

project. The chapter also explains some of the basic principles that were utilized for this project.  

2.3.1 Electrochemical Sensor 

A sensor can be defined as a device or a system that detects and responds to a specific 

physical phenomenon or a certain change in the surrounding environment and converts these 

changes into an electrical signal. This electrical signal is then received and analyzed by other parts of 

the system for further processing, conversion, or analysis of the signal to make it more recognizable. 

Sensors are most commonly used for measuring or monitoring various parameters such as 

temperature, humidity, pressure, chemicals, materials, etc [47]. 

An electrochemical sensor can be defined as a device or a system that carries out the 

detection, and quantification of a certain chemical or material through an electrochemical reaction. 

An electrochemical sensor usually consists of electrodes made of conducting materials (gold, silver, 

carbon, etc.) that also work as the interface which interacts with the electrochemical reaction of the 

electrolyte. The electrochemical sensor produces a computable signal according to the 

electrochemical reaction that takes place in the experimented sample. This signal is later analyzed 

for further verification of the targeted analyte in the sample [48].  

An electrochemical sensor usually consists of three electrodes: Counter Electrode (CE), 

Working Electrode (WE), and Reference Electrode (RE). The counter electrode plays the role of the 
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source or sink of electrons depending on the reactions. The reference electrode maintains a stable 

voltage difference from the working electrode when an electrochemical reaction takes place. The 

working electrode is the primary electrode of an electrochemical sensor where the electrochemical 

reaction of interest occurs [49]. Figure 2.4 shows the screen-printed electrodes (ZPS HYP-000-00150, 

Zimmer & Peacock AS, Norway ) that were used in this project. The CE and RE are made of Silver/Silver 

Chloride (Ag/AgCl) materials, while the working electrode is made of Carbon. The electrode materials 

are printed on a PET sheet that is 250 µm thick [50]. Figure 2.5 shows all dimensions of the electrodes.  

 

Figure 2.4 ZP Hyper Value screen printed electrodes [50] 

 

Figure 2.5 Schematic design with dimensions of the ZP hyper value screen printed electrode. All 

dimensions are in millimeters (mm) [50]. 

2.3.2 Potentiostat Device (PalmSens4) 

In order to carry out electrochemical measurements with sensors, electrochemical 

instruments like potentiostat devices play a crucial role. The potentiostat is a device that controls the 

applied potential on the electrodes of the sensor for carrying out electrochemical measurements. On 

the other hand, a galvanostat controls the applied current on the electrochemical cells [49].  
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2.3.3 Fast Amperometry 

While amperometry analysis can be defined as an electrochemical technique for measuring 

the current flow through an electrode over a defined period of time when a stable voltage is applied 

[49], fast amperometry (FAM) is known for its high sampling rates where the amperometry analysis 

is carried out in a very short time [51]. The fast amperometry analysis helps to measure very small 

changes in a relatively shorter time frame, which is helpful for analyzing electrochemical reactions 

that take place very quickly. Figure 2.6 represents how the signal is applied to PalmSens4 device for 

carrying out the FAM analysis. The figure also shows that in each tinterval timespan, the electrochemical 

change is recorded through the signal and this makes the FAM analysis a suitable method for this 

project.  

 

Figure 2.6 Signals in PalmSens4 device during Fast Amperometry Analysis [51] 

2.3.4 Cyclic Voltammetry 

Cyclic Voltammetry is another electrochemical measurement technique that mainly utilizes 

voltage waveform as an input to measure the current response. The voltage is usually applied linearly 

increasing or decreasing with time in order to record the resultant current response. The cyclic 

voltammetry analysis is usually used for studies that involve electron transfer kinetics, redox 

potentials, and also to analyze analyte concentrations [49]. If the applied voltage is ‘E’ during the time 

‘t', then the scan rate ‘v’ in a cyclic voltammetry can be represented with the following equation.  

𝑣 =
𝜕𝐸

𝜕𝑡
                (1) 

Figure 2.7 represents a typical cyclic voltammetry analysis in terms of voltage vs time. During 

an electrochemical measurement with cyclic voltammetry, the applied voltage is kept at a state 

where no electrochemical reaction takes place (Evertex1). Then, the voltage is applied linearly in the 
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direction of the formal potential of the species (E0’) that is being examined. The linear voltage gets 

increased continuously until reaching the set voltage. When the applied voltage reaches the set 

voltage or vertex potential (Evertex2), it is then inverted to create a reverse voltage sweep. The 

applied voltage ultimately returns to the initial voltage after completing the full cycle through this 

forward and reverse voltage sweep. In PalmSens4, the two vertex points can be selected before 

running the measurement and thus, the voltage would sweep between these vertex points [52]. 

 

Figure 2.7 Applied voltage vs time in cyclic voltammetry analysis. Here, Evertex = vertex 

potentials, E0’= Formal voltage of the investigated species, and V = scan rate [52] 

During cyclic voltammetry, the oxidation or reduction causes the current flow. A perfect 

condition results in the sigmoidal current. However, the real-life scenario reveals that diffusion limits 

the current flow. Increasing the voltage results in the increment of the current flow until it reaches 

the diffusion limit which ultimately forms a peak. Subsequently, the reverse sweep goes through the 

events in a reverse manner. The voltammogram (curve of I vs E) determines the parameters faster 

by plotting the E vs t and I vs t on top of each other where the time (t) is common in both cases, 

producing a compact I vs E curve as shown in Figure 2.8 [52]. 

 

Figure 2.8 Combination of E vs t and I vs t curve to represent the I vs E curve in Cyclic 

Voltammetry [52] 
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CV analysis of a reversible redox couple on an inert electrode, such as carbon, results in a 

specific ‘duck-shaped’ plot, as a signature for this reversibility. Significant deviations from this 

indicate other processes are at play, such as a less inert seed layer being exposed to the test solution 

[53]. Figure 2.9 shows a typical ‘duck-shaped’ CV curve of a carbon electrode. The current turns 

positive signifying an oxidative electrochemical reaction at the WE. The current grows stronger as the 

voltage rises until it reaches a peak known as the anodic peak. Due to the presence of reactants close 

to the electrode at this time, the oxidation process is happening at its fastest pace. As the voltage 

rises further, the supply of reactants becomes diffusion-limited, resulting in a lower and occasionally 

constant value for the current. The oxidized species can be reduced by switching the direction of the 

voltage sweep, which causes a cathodic peak to be observed [49], [53], [54]. 

 

Figure 2.9 A typical ‘duck-shaped’ curve resulted from a CV analysis on carbon electrode [49] 

From such comparison between the obtained CV curves, it is usually a practice to identify a 

carbon electrode or whether an electrode has proper carbon coating or not, as the carbon electrode 

tends to provide the signature ‘duck-shaped’ curve from the CV analysis. 

2.3.5 Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) carries out the measurement of impedance 

depending on the AC voltage frequencies. Considering two periodic waves of voltage and current, 

when they have the same frequency, there is a time shift between these waves as one wave is 

generated from the other. This phase shift is annotated with Φ and considered as a vector of the sine 

function in a polar coordinate system. The ratio of the voltage and current amplitude represents the 

impedance. However, the impedance is a complex number. The impedance is expressed with Z as 
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the vector’s length and Φ as the angle. The PalmSens4 measures the impedance by applying a 

potential wave to the WE (Working Electrode) while recording the current wave. The potentiostat 

calculates and plots the Z, Φ, Z’, and Z” from these waves as shown in Figure 2.10 [55]. 

 

Figure 2.10 Impedance plot of Z (resistance), Z’ (real), Z” (Imaginary), Φ (angle) [55] 

2.3.6 Oxidation reaction on carbon electrode 

Carbon electrodes have become very popular in electrochemical analysis for their greater 

advantage in multiple aspects. The carbon electrodes have the potential to replace other metals for 

performing as the working electrode in the electrochemical cell due to their appropriate electronic 

properties, hydrophobic attributes, high conductivity, thermal stability, and chemical stability [56]. 

Researchers have revealed certain advantages of using carbon electrodes to detect the oxygen 

reduction reaction in electrochemical analysis. The oxygen species are adsorbed on the carbon 

surface which results in the oxygen reduction reaction. Therefore, oxidation reactions taking place 

on the surface of the carbon electrode may also form surface oxides as well as other functional 

groups [57], [58]. Equation 3 takes place on the surface of the carbon electrode usually when oxygen 

comes into contact with it. Here, the oxygen molecules attain electrons in the water solution, which 

ultimately produces hydroxide ions.  

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−                   (3) 

In addition to the electrochemical aspects of carbon electrodes, it also costs very little 

compared to other conductive materials like gold, silver, copper, etc. This is also another reason for 

carbon being used so widely in electrochemical sensor development.  
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2.3.7 Fast Fourier Transform (FFT) Analysis 

The Fast Fourier Transform (FFT) analysis interprets frequency-related characteristics from a 

signal by computing the Discrete Fourier Transform (DFT) of the signal. Through this analysis, the 

breakdown of the time domain signal is carried out to represent its frequency domain signal. This 

calculation is conducted by converting the time domain signal into multiple sinusoidal signals where 

each of them represents a certain frequency level. This phenomenon enables the detection of the 

dominant frequency levels and also their amplitude in the signal. By analyzing a signal’s 

characteristics, the FFT enables the identification of significant attributes like periodicity, harmonic 

patterns, and prominent frequency spikes.  In summary, the FFT analysis calculates the average 

frequency components of a signal throughout the entire time duration from which the signal was 

attained [59], [60]. A visual representation of FFT analysis is shown in Figure 2.11. Here, the time 

domain signals are converted to frequency domain signals where each time domain signal’s specific 

characteristics on a certain frequency zone and amplitude are interpreted through the FFT analysis. 

It is to be pointed out that a certain time-domain signal has a frequency level with a variation in 

amplitude compared to other time-domain signals. 

 

Figure 2.11 Conversion of time-domain signal to frequency-domain signal through FFT analysis 

(top row plots are the time-domain signal and their corresponding frequency-domain plots are 

shown below them in the bottom row) [59] 
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3 Methodology 

The route to developing the electrochemical microplastic sensor for this project has been quite 

dynamic and unveiled new findings along the way. Even though the inspiration for the initial starting 

points in different stages of this project has mostly been taken from the work carried out by Shimizu 

et al. [6], alternative methods have also been examined and established for proceeding with this 

research work due to different kinds of challenges and limitations. This chapter describes the 

methodology of this research work chronologically.  

3.1 Equipment and Materials 

Table 3 represents a complete list of equipment and materials that were used for this research 

work. Most of the equipment and materials were provided by Z&P in their laboratory facilities. A few 

tools and equipment were also facilitated by USN.  

Table 3. List of equipment and materials used for this project 

Categorized 

Group 

Name of the Equipment or Material 

Chemicals and 

Microparticles 

Carbon Paste (C2180626D6, SunChemical, United Kingdom) 

Microplastic Particles (72986-5ML-F, Sigma Aldrich, Germany) [61] 

KCl (Sigma Aldrich, Germany) 

Na2SO3 (Sigma Aldrich, Germany) 

MgSO4 (Sigma Aldrich, Germany) 

Fe(CN)6 (Sigma Aldrich, Germany) 

Nail Polish 

NaCl Salt 

FeCN Solution (Wafer Mapping Solution) 

Electrodes 
ZP Hyper Value Screen Printed Electrode (ZPS HYP-000-00150, Zimmer & 

Peacock AS, Norway) 

Cleaning tools 
DI Water 

N2 Gas 

Laboratory 

Instruments 

PalmSens4 Device 

5-pin Connecting Cable compatible with PalmSens4 

Beaker (5ml, 10ml, 20ml, 50ml, 1L)  

Magnetic Stirrer 

Ultrasonic Bath Chamber 
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Oven (Heraeus Instruments) 

Weighing Scale (ABT 120-4NM) 

Electrode Holder Stand 

Pipette 

Hemocytometer 

Personal Safety 

Equipment 

Surgical Hand Gloves 

Lab Coat 

Surgical Face Mask 

High-tech Lab 

Instrument 

Optical Microscope (Olympus IX51/TH4-200) 

Scanning Electron Microscopy (Hitachi SU 3500) 

Software and 

Programming 

Language 

PSTrace 5.9 

OriginPro 2023 

Djuli 1.6.6 

Julia Programming Language 1.8 

 

3.2 Aqueous Test Solution 

The preparation of the aqueous solution was considered from various aspects of this project. 

A trade-off between real-life scenarios and a controlled laboratory test setup mainly drove the 

outcome of preparing the aqueous test solution for the experiments. Deionized (DI) water itself 

couldn’t be used as all of the minerals and ions are absent in it and it also provides very generic signals 

in fast amperometry analysis due to its high resistivity [62]. On the other hand, typical tap water 

contained minerals and ions like cations (sodium, calcium, iron, copper) or anions (chloride, sulfate); 

but the amount of any of these ions are unknown. In addition, in the attempt to create a similarity 

with ocean water, adding typical NaCl salt to DI water also wasn’t efficient as the amount of salt was 

not measured properly. Therefore, none of these three approaches could be considered a controlled 

test setup. Finally, in order to create a more controlled test setup with known measurements of ions 

that is suitable for the experiments, the aqueous test solution was prepared as Shimizu et al. [6] did 

for their experiments as it had enough ions for completing the circuit between the electrodes in the 

aqueous solution while maintaining the electrical neutrality and pH neutrality.  

The measured 1.491 grams of KCl was added to 1L DI water to create the 20 mM aqueous 

solution and stored at room temperature for further experiments. For each experiment, microplastic 

particles were added to the aqueous solution that was collected in a beaker to create the solution 

with microplastics. Another beaker containing KCl solution without microplastic particles was used as 
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a control. The microplastic sample was bought from Sigma Aldrich for the experiments of this project 

[61]. The sample was polystyrene-based microplastics that were produced for R&D purposes. The 

aqueous suspension was a total of 5 ml that had 10% solids. The particle size was 10 µm in diameter 

with a standard deviation of <0.2 µm and a coefficient variation of <2%. Around 1.05 g/cm3 particles 

were produced for the suspension. The sample needed to be stored at 2-8° C temperature. In this 

project, the concentration of microplastics was added to a 10mL beaker containing the aqueous 

solution. Commonly the microplastic suspension is collected in 10 µL, 20 µL, 30 µL, and 40 µL. 

Therefore, the concentration of microplastics can be represented in volume fraction (v/v) as a 

percentage of solid per 10 mL aqueous solution as per the following calculation: 

For 10 µL suspension, ((0.1*0.01)/10) * 100 = 0.01% 

Similarly, for 20 µL = 0.02%, for 30 µL = 0.03%, and for 40 µL = 0.04%. 

For each aqueous solution of both conditions (with microplastics and without microplastics), 

the measurements were carried out in either stirred condition or unstirred condition. At the later 

stage of the project, the stirring setup was replaced with an ultrasonic bath system to ensure a 

homogeneous suspension.  

3.3 Electrodes: Modification, Fabrication, and Verification 

One of the crucial parts that were realized and addressed in this project was the development 

of the working electrode. According to Shimizu et al. [6], a carbon fiber microwire electrode was used 

that was 7 µm in diameter and 1mm in length. The primary plan was to use the ZP-HV-SPE as the 

main sensor to detect the microplastics in the solution. However, with the progress of the project, it 

was realized that the size of the working electrode needed to be as small as possible to detect such 

tiny particles as microplastics. The rationale behind this idea takes into account that the generic 

background noise scales with the electrode size, whereas the signal generated from the microplastics 

hitting the sensor remains constant. In that respect, the noise floor will ultimately be reduced and 

thereby improve the signal-to-noise (SNR) ratio so that the “impact” event is seen. 

3.3.1 Working Electrode of screen printed electrode 

Initially, the screen printed electrode (ZP-HV-SPE) was used in the experiments without 

making any modification to its working electrode. This result did not produce a significantly different 

signal when comparing recordings taken in the presence and absence of microparticles. The working 

electrode of screen printed electrode had a width of 1mm and a length of 3.80 mm as shown in Figure 
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2.8. From the resultant signal, it was suspected that the working electrode size was too large to 

recognize the microplastic particles impacting its surface and it was only collecting generic signals 

(noise) inside the solution. Based on this assumption, the printed working electrode on the PET was 

stripped off to reduce the size of the working electrode. This ‘modified screen printed electrode’ was 

used for a few measurements and the resultant signal appeared to be much improved than the 

previous condition with the original screen printed electrode (see section 4.1). This finding 

established the concept to reduce the size of the electrode (and thereby the noise) as much as 

possible, which paved the way for further development of the working electrode. Figure 3.1 shows 

the modified screen printed electrode with a surface area of 1mm2 being used in one of the 

measurements in the aqueous solution.  

 

Figure 3.1 Modified ZP-HV-SPE by stripping off the WE and reducing its size 

3.3.2 Wire based (working) electrodes (Type-1, Type-2, and Type-3) 

After establishing the fact that the WE size plays a significant role in the detection of tiny 

microplastic particles, it was necessary to develop a working electrode with a very low footprint. So, 

the focus shifted towards developing “needle” type wire electrodes with a narrow diameter in the 

sub-mm regime and a length in the mm regime. Thus, a single strip of conducting wire was used as 

the basis for electrode manufacture. These were considered to have an effective cylindrical shape 

permitting impact from microparticles in all directions. The ZP-HV-SPE couldn’t avail this feature as 

the electrodes are printed on a PET sheet, permitting impacts of particles from one side only.  

Therefore, considering the fact that the aqueous solution would carry particles from all directions, 

the cylindrical-shaped electrode was taken as a reference shape of the WE.  
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In order to make the desired working electrode, a typical silver wire or copper wire was taken, 

and the outer rubber insulator was stripped off. Some wires have multiple threads of conductor 

strings spiraled together, so only one string was taken from such wires. These wires were taken from 

the in-house collection of the ZP laboratory. As the WE needed to be a carbon electrode, the silver 

or copper wire string had to be coated with carbon. Carbon electrode was chosen particularly for its 

better oxidation reaction as stated in Section 2.3.6 and also because of the fact that the use of carbon 

electrode provided fruitful results in the experiments conducted by Shimizu et al. [6] for detecting 

microplastics using the ‘impact concept’.  

To develop a carbon electrode, the same kind of carbon paste that was used for printing the 

WE of screen printed electrode (ZP-HV-SPE) was obtained. The single string of wire (silver or copper) 

was first polished thoroughly with laboratory tissue. Then it was cleaned carefully with DI water and 

dried using nitrogen gas without touching the targeted area. Then the string was dipped inside the 

carbon paste for 5 seconds from a 90-degree angle at a length of approximately 1 cm and then pulled 

back off from the paste. This short process was counted as 1 dip. After each dip, the string was kept 

at room temperature for at least 10 seconds to let the carbon paste that was stuck with the targeted 

area be dried at an initial level. Making any sort of contact with the carbon-coated area was 

completely avoided. It was noticed that multiple dips after a certain interval time (i.e. 10 seconds) 

would increase the coating depth. Mostly the strings would go through only 1 dip. However, if the 

angle of dipping somehow gets inaccurate or the structure of the string causes any complications in 

making a proper coating, multiple dippings were carried out to ensure that the entire targeted area 

of the string was properly coated with carbon paste and no spot was left uncovered, especially on 

the tip of the string. After making the coating around the targeted area of the string, the strings were 

inserted into the oven for baking at a higher temperature to make the carbon coating permanently 

dried. At the initial stage of the project, the coated strings were kept inside the oven for 15 minutes 

at a temperature of 40° C. This condition sometimes causes the carbon coatings to get peeled off if 

any physical contact with solid objects was made accidentally and this causes the verification analysis 

to produce errors. Therefore, the baking conditions were later changed to 40 minutes at 95-100° C 

temperature. As the temperature of the oven increases gradually from room temperature to the 

targeted temperature, the initial time phase that required the temperature to rise was considered to 

be left out to be marked as baking time, and only the baking time at the targeted temperature was 

counted.  
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Based on the diameter of the metal wire found and used in this project, they were named 

“Type-1”, “Type-2”, and “Type-3” electrodes after the carbon coating procedure. Here, Type-1 has 

the largest diameter, Type-2 has a lower diameter than Type-1, and Type-3 has the lowest diameter 

among these 3 types of electrodes. The resultant diameters of the electrodes before and after carbon 

coating is presented in Table 4 of Section 4.2.1. After dipping, coating, and baking, each new 

electrode went through a verification process to ensure that the carbon coating was properly 

covering the entire surface area of the conductor string and that no spot was left uncovered on the 

targeted surface area of the electrode. This procedure was done by running a cyclic voltammetry (CV) 

analysis with FeCN solution, also known as the wafer mapping solution. Only the electrodes that 

resulted in the signature duck-shaped plot in the CV analysis as explained in Section 2.3.4, were then 

used for the next step of the project for measurements.  

3.3.3 Type-4 Electrode 

After acquiring better results with Type-3, it became apparent that if the electrode diameter 

was further reduced, the results would have the potential to become more accurate. At such a stage, 

conducting fibres with even lower diameter was obtained from electrodes used to facilitate 

electrophysiological measurements in the eye (Figure 3.2). The conductor strings were used for 

making the Type-4 electrode following the same procedure as before by cleaning, dip coating, baking, 

and verification through CV analysis. 

 

Figure 3.2 Conductor strings that were used for making the Type-4 Electrode 

As the fibre strings were very short and limited, only a small length (approximately 5 mm) of 

the fibre was cut from the main body to make the electrode. However, the challenge was that the 

fibres were too short in length to connect to an alligator clip from the PalmSens4 device’s cable and 
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insert the rest of the electrode within the aqueous solution. To solve this issue, about 1-2 mm length 

of the fibre was attached with a thin copper tape that worked as the extended conductor of the 

fibres. Then the alligator clip from the PalmSens4 device’s cable could hold on to the copper tape 

body and the free part of the fibre could work as the electrode in the aqueous solution. Due to its 

lower diameter and good conductivity, Type-4 resulted in much better accuracy to detect the impact 

signals (see Section 4.3.3). Thus, the Type-4 electrode continued to be used for the rest of the 

measurements in the project.  

3.4 PSTrace Analysis Setup 

The main software used in this project to carry out the measurements and to detect signals, 

was the PSTrace (version 5.9). The software is used for controlling the PalmSens4 device. For this 

project, there were mainly two types of analysis done most frequently: Fast Amperometry, and Cyclic 

Voltammetry. These two analysis were carried out to establish the “impact concept”. However, 

Electrochemical Impedance Spectroscopy (EIS) was also carried out as an additional method for 

detecting the presence of microplastics. The reason is that microplastics are dielectric particles that 

will replace an equivalent volume of conducting electrolyte when present, and thereby increase the 

overall solution resistance. Also, the electrode will change its capacitive behavior if microplastics 

attach or are getting adsorbed onto its surface. Such changes will be visible in the EIS. In addition to 

the Fast Amperometry analysis, the chronoamperometry analysis was also carried out in some 

measurements to understand if chronoamperometry analysis had any significant advantage here or 

not. Also, Multi-Step Amperometry was carried out for verifying the electrochemical reaction taking 

place on the electrode. The main settings of these analyses in PSTrace were fixed as following: 

• Chronoamperometry:  

Current Range = 1nA to 10 µA 

Equilibration time = 10 s 

DC potential = -0.4 V 

Time interval = 0.0005 s 

Run time = 10 s 

• Multistep Amperometry: 

Current Range = 100nA to 10 µA 

Equilibration time = 0 s 

Interval time = 0.1 s 

Cycles = 12 

Level = 2 

Potential level 1 = -0.5 V for 10 s 

Potential level 2 = 0.65 for 10 

(c) Impedance Spectroscopy: 

Current Range = 100 pA to 1 µA 

Equilibration time = 10 s 

DC potential = 0.0 V 

AC potential = 0.01 V 

n frequencies = 31=10/dec 

Maximum frequency = 5000 Hz 

Minimum frequency = 5 Hz 

Minimum sampling Time = 0.5 s 

Minimum sampling Time = 5.0 s 
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3.4.1 Fast Amperometry Analysis setting in PSTrace 

For the Fast Amperometry Analysis, the aim was to keep the operating current range for the 

electrodes as low as possible. However, depending on the electrodes, aqueous solution, the particles 

contained in the solution, and the length of the electrode submerged inside the solution, the current 

range sometimes pushes to overload or underload conditions. At the initial stage, the current range 

was chosen to be in the range of 10 nA to 1 µA depending on the condition of the experiment setup. 

It is to be noted that the fast amperometry analysis allows only one current range to be fixed. At the 

later stage of the project, the current range was aimed to be kept constant in every measurement as 

100 nA. The DC voltage was kept at -0.4 V in most cases as the oxidation and reduction reaction 

occurs within the -0.2 V to -0.7 V range as per Shimizu et al. [6]. The sampling frequency or the time 

interval for every scan was kept at 0.0005 s or 0.05 ms. This sampling frequency was fixed according 

to Shimizu et al. [6] as well. At the initial stage of the project, this scan rate was kept at 0.05 s 

mistakenly, but it was corrected later on. The analysis setting in PSTrace for Fast Amperometry 

analysis is as follows:  

• Fast Amperometry:  

Current range = 100 nA 

Equilibration time = 0 s 

Potential equilibration = 1 V 

DC potential = -0.4 V 

Time interval = 0.0005 s 

Run time = 10 s 

3.4.2 Cyclic Voltammetry Analysis setting in PSTrace 

The cyclic voltammetry analysis was mainly run as a verification process to ensure that the 

electrodes had proper carbon coating as explained in Section 2.3.4. The current range for the cyclic 

voltammetry analysis was kept in the ranges of 1 nA to 1 µA. The peak voltages were 0.5V and -0.5, 

with a step voltage of 0.01 V, and a scan rate of 0.05 V/s. The scan starts from 0 V and it finishes at 0 

V as well after a complete scan. The analysis setting in PSTrace for Fast Amperometry analysis is as 

follows: 

• Cyclic Voltammetry:  

Current range = 1 nA to 1µA 

Equilibration time = 0 s 
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Potential begin = 0 V 

Potential vertex1 = 0.5 V 

Potential vertex2 = -0.5 V 

Potential step = 0.01 V 

Scan rate = 0.05 V/s 

Number of Scan = 1 

3.5 Electrode insulation (Nail Polish) 

One of the techniques used for reducing the electrode exposure to the aqueous solution was 

by insulating the electrode with nail polish. As nail polish works as a good insulator [63], it was used 

in one of the experiments in this project to reduce the surface area of the Type-2 electrode in order 

to test the method whether the insulation could be a feasible option in the experiments or not. 

Furthermore, the Type-2 electrode was inserted through a pipette tip to reduce the exposure to 

aqueous solution. The nail polish was helpful in this case to reduce the exposure size of the electrode 

that comes out of the pipette tip. However, it’s difficult to make an accurate coating with nail polish 

to leave a precise and measured area exposed. As this coating with nail polish was carried out in 

hand, sometimes the electrodes get overcoated. To remove some part of the nail polish covering the 

electrode, acetone was used as a remover. Even though acetone removes the nail polish from a 

certain area that it gets in contact with, it also affects the carbon coating beneath it and damages the 

carbon coating too. As a result, the metal beneath the coating gets exposed, which ultimately makes 

the electrode lose its validity to be used in the experiments. For these reasons, the electrode 

insulation concept was not further pursued, and the insulation was applied to no other types of 

electrodes.  

3.6 Experimental Protocol 

Every measurement carried out in this project emerged through iterative trial and error. Such 

practice finally developed an experimental protocol that was followed to fabricate the electrodes and 

carrying out the experiments. Figure 3.3 shows a complete block diagram explaining the different 

steps of the experiments. When there is no need to fabricate a new electrode as a previously 

fabricated electrode can be used in an experiment, the old electrode is simply cleaned with DI water 

in an ultrasonic bath and then dried with nitrogen gas. The aqueous solution containing microplastics 

was re-used for a few days to avoid producing waste and to reduce consumption, as the suspension 
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amount was limited. However, after each week interval, the microplastic solution was treated as a 

non-toxic chemical waste, and the microplastic waste was disposed of by separating them in a waste 

container and labeling it as per the guidelines following the laboratory health and safety protocol. As 

the microplastic particles wouldn’t lose their characteristics over time in the KCl solution it was stored 

in a fridge at a temperature of 2-8° C. Therefore, the reusability of the microplastic solution was a 

valid aspect of this project. To carry out the measurements, the RE and CE of ZP-HV-SPE were 

connected with the PalmSens4 potentiostat, and the fabricated carbon-coated electrode was 

connected as the WE with the device. The aqueous solution was taken in a beaker in a volume of 10 

mL usually and the electrodes were held with a lab stand in such a way that the RE and CE got 

completely submerged in the solution and the WE are submerged at a minimum level (approx. 0.5 

mm to 1 mm).  Figure 3.4 shows a typical setup for an experiment in this project.  

 

Figure 3.3 Block diagram showing the sensor fabrication and experimental protocol  

 

Figure 3.4 Conducting a measurement in the aqueous solution with a Type-2 electrode immersed in 

a 10 mL beaker on top of a magnetic stirrer 
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3.7 Verification of the impact experiment 

In order to verify whether the electrodes can detect the impacts, an experiment with larger 

plastic particles was carried out. A substantial amount of “dummy” particles were made from a PET 

sheet by cutting a portion of it into very little pieces of around 20-30 mm diameter. The size of the 

particles was approximately equal to or a bit larger than the Type-1 electrode’s diameter size. These 

particles were visible to the naked eye, and they were released into the aqueous solution and 

subjected to stirring. The experiment was carried out using a Type-2 electrode. The particles were 

seen to be making impacts with the Type-2 electrode when it was being stirred, and the resulting 

signals were recorded. After verifying that the electrodes can actually detect the impacts of particles 

as shown in Section 4.3.1, further experiments were conducted with real microplastic particles. 

3.8 Noise Identification and Mitigation 

One of the novelties of this project was that the microplastic impact would be seen as noise 

among the acquired signals from the measurements. Therefore, there is periodic noise, instrumental 

noise, external environmental noise, and noise generated from the impact of the microplastic 

particles with the working electrode. Therefore, it was vital to understand where these undesired 

noises were coming from and how to minimize them as much as possible.  

3.8.1 Magnetic mixer 

The aqueous solution was stirred in half of the total number of measurements carried out in 

this project. The stirring condition was used to make the microplastic particles in the aqueous 

solution have rapid impacts on the electrodes. However, this method creates noise that is also not 

repeatable at the same RPM in every case as the magnetic stirrer creates an undefined stirring rate. 

A metal stir bar immersed in the liquid spins inside the beaker due to a rotating magnet below the 

beaker as shown in Figure 3.4. Although the magnetic stirrer has the option to increase the speed or 

decrease the speed of stirring, it does not remain constant always. Also, the height and position of 

the beaker on the magnetic stirrer cause variations in the stirring quality.  

To mitigate these flaws, the beaker is always placed at the centre of the magnetic stirrer and 

the stirring speed is always kept constant in every measurement. The magnetic stirrer device is either 

powered on or off to cause the solution to mix. The results with stirring and without stirring were 

compared to subtract the changes in the signal caused by the stirrer alone.  
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3.8.2 Ultrasonic Bath 

In the attempt to distribute the microparticles in the aqueous solution equally, the motion 

inside the liquid was initiated with the ultrasonic bath. The ultrasonic bath causes high-frequency 

pressure waves to vibrate the liquid, which as a result mixes the particles inside the aqueous solution. 

Due to the ultrasonic bath, the microplastics that settle to the bottom level of the beaker if left 

unshaken for a long period of time, would eventually vibrate and be distributed equally throughout 

the entire aqueous solution. For the experiments, the beaker containing the aqueous solution was 

held inside the ultrasonic bath for 3 minutes and then at least 10 measurements were carried out 

with the solution.  

3.8.3 Deoxygenating the Aqueous Media 

One of the hypotheses made by Shimizu et al. was that the microplastic particle works as an 

oxygen carrier when it makes an impact on the carbon electrode. According to the hypothesis, the 

microplastic particles work as oxygen carriers, and the following reaction takes place when the 

particles make an impact with the WE. 

𝑂2 + 2𝐻+ + 2𝑒− = 𝐻2𝑂2(𝑎𝑞) 

In order to verify this, all the background oxygen inside the aqueous media was attempted to 

be deoxygenated and verify whether the microplastic particles would still generate the noises due to 

impact. To deoxygenate the aqueous media, Na2SO3 and MgSO4 were used in separate experiments. 

Therefore, signals were acquired and analyzed for the aqueous solution containing microplastics and 

the deoxygenating agent. The resultant signal was also compared with the results obtained from the 

solution without microplastics, and deoxygenating agent as well as the solution containing only 

deoxygenating agent. In this way, specific contributions from each entity could be identified and 

understood. If a deoxygenating agent was added to the aqueous solution, it was measured and the 

same amount was added to the other solution to nullify the effect of any unequal amount. Thus, the 

effect of the deoxygenating agent could be identified accurately. 

The deoxygenation procedure with Na2SO3 was carried out for the statistical spike count 

analysis (see Section 4.5.2) and MgSO4 was utilized to carry out FFT analysis (see Section 4.5.3). The 

reason for using a different deoxygenating agent was to observe whether the deoxygenation process 

can be properly carried out with more than one process or not and whether the microplastic particles 

show different characteristics or not. Also, the deoxygenation process with MgSO4 was carried out as 

it also serves the purpose of deoxygenation and does not remain as electrochemically active as the 
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Na2SO3 does in the aqueous solution. Here, different types of solutions were prepared for 

experimenting with each case (statistical spike count analysis and FFT analysis). For the statistical 

spike count analysis, the aqueous solution was prepared in three types: without any microplastics or 

deoxygenating agent Na2SO3, with only microplastics, and with both microplastics and deoxygenating 

agent Na2SO3. For the FFT analysis, one aqueous solution would contain deoxygenating agent MgSO4 

as well as the microplastic particles. Whereas the other aqueous solution would only contain the 

MgSO4. Through this procedure, the effect of microplastics can be clearly understood. Here, both 

solutions contained 20 M KCl and 0.52 g MgSO4. The difference was that only one of the solutions 

contained microplastics. 

3.9 Signal Processing and Data Analysis 

After carrying out all the procedures for collecting the signals from experiments, the last crucial 

part was signal processing and data analysis. As it was stated previously, the experimental setup 

catches a lot of noise from multiple sources including the noise generated by microplastic particles' 

impact on the electrode. Therefore, these noises were identified and analyzed in the signal-

processing step of the experiments to filter out the noise caused by microplastic particles only. The 

signals and data obtained through PSTrace software were analyzed with OriginPro and Julia 

Programming Language. The signals were processed through two different methods mainly: 

statistical analysis to count the highest number of impacts that resulted through a signal for a specific 

condition, and the Fast Fourier Transform (FFT) analysis to filter out the noise that’s being caused by 

the microplastic impact. Some pre-processing steps as explained in Section 3.9.1, were carried out as 

well to utilize these data in the statistical analysis mainly.  

For the FFT analysis, the experimental setup was made with a 20 mM KCl solution with 

microplastic particles and another solution without these microplastic particles. Both solutions were 

processed with an ultrasound bath so that the particles in the solution would be distributed equally 

throughout the entire aqueous solution. Then, FAM analysis was run with a fixed current range of 

100nA for both solutions. The resultant signals were collected and then processed further in the FFT 

analysis.  

Furthermore, to observe the specific change in the resultant FFT signal for different 

microplastic concentrations, microplastics sample was added to the aqueous media at different 

concentrations for different measurements. Here, the microplastics were added at the v/v 

concentration of solid per mL for 0.02%, 0.03%, and 0.04%. The concentrations of the microplastics 
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suspension were determined as per the data obtained from the datasheet of the microplastics that 

were discussed in Section 3.2. Also, the probable particle count was obtained through optical 

microscopy and calculations shown in Section 4.5.1. After adding each new concentration of 

microplastics to the aqueous solution, the microplastics were distributed equally throughout the 

entire solution using an ultrasonic bath. Then for each of these concentrations, multiple 

measurements were carried out with FAM analysis. The obtained signals were later processed with 

FFT analysis to produce the final result with a unique frequency level indication for each specific 

concentration of microplastics.  

3.9.1 Differentiation (d/dx) of the Signals 

The signals obtained from the experiments through PalmSens4 device using the FAM analysis 

were viewed on the PSTrace software. These signals had their unique characteristics individually and 

also were in different current amplitude levels. In addition, the spike amplitudes of a particular signal 

had different amplitudes as well. Which made the process to analyze the signals and compare 

between different signals quite difficult. To mitigate this issue, the signals were differentiated in 

terms of time and all signals were brought to the zero level of the current amplitude. This made the 

comparison process simpler as it allows to find the dominant peaks in amplitudes and also make a 

statistical count to find out how many spikes a signal may have above a certain threshold level. Figure 

3.5 shows how the signals are processed by differentiation. The raw signals obtained through FAM 

analysis are shown in Figure 3.5 (a), which was measured for three different aqueous solutions: with 

microplastics, without microplastics, and microplastics in deoxygenated solution. When all three 

signals are differentiated together in the same plot, they all come down to the base level of zero as 

shown in Figure 3.5 (b). If a certain area is zoomed in, the difference between the amplitude of the 

spikes from different signals can be seen in Figure 3.5 (c).  
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Figure 3.5 Differentiation of FAM signals; (a) raw signals, (b) differentiated signals brought to 

base level, and (c) zoomed-in differentiated signals zoomed in the range 7.00s-7.20s timeframe 

3.10  Electrochemical Impedance Spectroscopy (EIS) Analysis 

Besides aiming to establish the “impact concept”, other approaches like impedance 

spectroscopy analysis was also considered in this project for detecting the microplastic concentration 

in an aqueous solution. With the addition of microplastics in the aqueous solution, it was also 

suspected that the impedance of the aqueous solution would also change. Thus, the EIS analysis was 

also carried out to investigate whether it could be a feasible method for detecting microplastics in 

aqueous media. The EIS analysis was carried out for different microplastics concentrations at 0.01%, 

0.02%, and 0.03%. Here, each unit volume of the microplastics suspension contains a certain amount 

of microplastics particles as explained in section 4.5.1. The microplastics concentration was added 

from the 0.01% and then increased afterward in the same solution by an additional 0.01% 

microplastic concentration. The results were obtained in the Nyquist plot and then the circuit fitting 

was carried out on the obtained results in the PSTrace software. The final results as shown in Section 

4.4 proves to be a promising indication that due to the change in microplastics concentration, the 

impedance also changes. 

In order to validate the EIS results and prove its repeatability, a calibration test was also 

performed for EIS analysis where a new set of measurements were carried out. This test was carried 
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out in three steps. In the first step, 7 measurements were carried out with 5 minutes interval time in 

between each measurement. In the second step, the aqueous solution was kept the same and 

0.005% microplastics concentration was added to the aqueous solution. Then the 3 EIS 

measurements were carried out. In the last step, the entire solution was changed, and a new fresh 

solution was added that contained no microplastics in it. Finally, 8 more measurements were carried 

out with 5 minutes time intervals in between each measurement.  

In order to carry out a calibration test analysis, different parameters of the components were 

analyzed from the obtained raw signals. The values of these parameters are shown in Table 8. Here, 

the R2 usually is a number between 0 and 1 indicating how well the body of the data fits with the 

model. X and Intercept are coefficients that describe the model equation. They can also be seen as 

an annotation on the fit graph. The standard error associated with each coefficient is represented as 

a percentage of the coefficient value. The limit of blank represents the highest quantity value, of 

blank material, that may be observed and is expressed as a probability. The limit of detection 

represents the lowest quantity that can be detected from a signal. The limit of quantitation 

represents the smallest concentration of a substance that is detectable from a signal. C1 and C2 are 

reciprocal coefficients because it can be more convenient to rewrite the model equation from (Y = 

X+ intercept) to (X =C1 x Y + C0).  

3.11  Scanning Electron Microscopy (SEM) and Optical Microscopy 

As the electrodes were developed from conducting wires or fiber strings found in the 

laboratory, the material that these conductors were specifically made from was not absolutely 

confirmed, especially in the case of Type-4 electrode fibers. In order to remove any contradiction on 

what kind of material was used in the development of the WE, the conductors were analyzed with 

Scanning Electron Microscopy (SEM). The conductors and electrodes were attached to a Cu tape and 

then placed in the vacuum chamber of SEM. The resultant data from SEM analysis shown in Section 

4.2.2 confirms the materials of the conductor.  

In addition, the microplastic particles count in a unit amount was also unknown. Therefore, to 

make a close approximation, the microplastic particles were counted for making an estimation and 

to understand how many microplastic particles were available in a unit solution. Here, the 

microplastics were collected from the source container of the 5ml sample through a pipette and 

diluted with DI water to make a proportion of 1:10 before releasing the microplastics in the 

hemocytometer. Through this dilution process, the concentration of cells or particles in the sample 
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is reduced. Thus, it avails easier counting and ensures that the cell distribution on the hemocytometer 

grids is suitable for accurate analysis. Figure 3.6 (a) shows the hemocytometer used in this project 

for counting microplastic particles under the optical microscope. Figure 3.6 (b) shows a chamber 

design model of the hemocytometer. Each chamber has four large squares and each large square 

contains 16 blocks in total. Here, an estimated count was carried out by carefully counting the 

particles contained in the first 4 blocks, and then multiplying it by 4 to get an estimated value for the 

entire 16 blocks that represent the total value of microplastic particles contained in one large square. 

 

Figure 3.6 (a) Hemocytometer containing microplastic particles with a dilution factor of 1:10 

under the optical microscope for accurate particle counting (b) Hemocytometer chamber design 

model 
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4 Results 

In this chapter, all the results obtained in different approaches for this project are presented.  

4.1 Difference between original ZP-HV-SPE and Modified ZP-HV-SPE 

The investigation into reducing the WE size was first observed through the modification of the 

ZP-HV-SPE sensor by stripping off a majority of its WE to reduce its area. Considering the current 

density to be the same, the signal would scale down with electrode area in order to meet the lower 

and more sensitive range of the measurement system without reaching saturation. The original 

electrode couldn’t reach the lower ranges normally as the area of the working electrode was much 

larger. Thus, causing a higher range of current transfer. The background noise level picked up by the 

electrode also scales with size (see argument in section 3.3) and by reducing the electrode area the 

SNR was improved to a level where the signals from the microplastics impact events could be seen. 

Figure 4.1 shows the difference between the two types of signals from the original and modified 

types of the ZP-HV-SPE WE. As this test was carried out only to establish the theory that the reduced 

area size of WE can reach a more sensitive range of the measurement system, the test was carried 

out in PBS solution without any microplastic particles. Thus, only the effect of the reduced area of 

WE can be identified. Both signals were collected at the same condition by applying a WE potential 

of -0.03V and the current range of the measurement system was kept at 10 nA for the fast 

amperometry analysis. The modified electrode had a lower range noise level. Which was the targeted 

scenario, to be able to record more noise signals in less time. At this point, it was expected that with 

microplastics added to the solution, it would cause an increase in the spike count. If a two-second 

spectrum between 4 s and 6 s is looked at, it can be seen that the modified electrode had the average 

peak-to-peak value of approximately 12 nA, whereas the modified electrode had approximately 7.5 

nA.  
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Figure 4.1 Comparison between the signals obtained through modified screen printed electrode 

and original electrode at the same experiment condition 

Figure 4.2 shows the comparison between the two electrodes in terms of their capability of 

functioning at low voltage and low current range. The original electrode mostly carried out its 

operation in the range of -8 to -16 nA at -0.075 V in the 10 s time period of the measurement without 

any overload state. However, the modified electrode performed within the -1.7 to -2.5 nA range at -

0.03V. Here, the negative sign in both cases of the current range is present due to there being a net 

reduction at the electrode surface. It was also noticed that the original electrode required 0.045V 

more than the modified electrode to avoid the overload state. This phenomenon might have been 

caused due to larger electrodes being more difficult to polarize. These findings report that the size of 

the electrode plays a crucial role by using a smaller current range to produce higher signal 

amplification of the potentiostat. Therefore, the WE needed to be developed to a much smaller 

surface area and diameter to attain the ability to detect signals in the nA range. 
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Figure 4.2 Comparison between Original ZP-HV-SPE and modified ZP-HV-SPE in terms suitable 

operating current range and voltage range 

4.2 Comparative analysis of the Working Electrodes 

4.2.1 EDX results of the Developed Electrodes and their conductors 

Figure 4.3 shows all four types of electrodes that were fabricated. Although having a different 

conducting wire or fibre underneath, all four types of electrodes were coated with carbon. 

 

Figure 4.3 Developed four types of electrodes 

The metal wire conductor that was used for developing the electrodes was put under EDX 

analysis with SEM for confirming the material of the conductor. Some of the analysis was carried out 

with point scan while others were done with an area scan. With point scan, the materials in the 

particular point of the conductor are analyzed and possible materials identified from molecular series 

are shown as the result. On the other hand, the area scan focuses on a larger area than point scan 

and identifies the materials available within the focused area. The area scan is commonly carried out 
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when multiple materials are suspected to be present in the analyzed sample. Otherwise, point scan 

is commonly carried out if it is confirmed that the sample is made of only one material.  

Figure 4.4 shows the EDX analysis results of the conductor that was used to develop the Type-

2 WE. From the result, it is confirmed that the conductor was made of silver. The presence of copper 

in this case was due to the fact that the conductor was placed on copper tape, which may have 

influenced the SEM to detect copper in the scan as well. Other insignificant materials detected in the 

scan are considered to be negligible as SEM works on the principle of electron scattering in the 

material’s electron shells and sometimes the SEM detects atoms incorrectly or at an insignificant 

rate. Such insignificant amounts are mostly neglected and only the materials that resulted in a high 

percentage of atomic values are considered to be correct.  

Figure 4.5 shows the EDX analysis results of the Type-3 WE which was coated with carbon. 

Here, the point scan was carried out in the EDX analysis and the results confirm that the coating was 

of carbon. The conducting wire beneath the carbon layer was known and confirmed beforehand to 

be copper. Figure 4.6 shows the EDX analysis results of Type-4 WE conductive fibre which was mainly 

unknown at the earlier stage of the project. Through a point scan, the result shows that the 

conductive fibre was mainly silver material. To further validate this result, an area scan on the fibre 

was also carried out. The result of the area scan also confirms that the conductive fibre was made of 

silver as shown in Figure 4.7. 

 

Figure 4.4 SEM analysis results of Type-2 WE conductor through a point scan (a) SEM image of 

the conductor, (b) identified materials data 
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Figure 4.5 SEM analysis results of Type-3 WE with carbon coating through a point scan (a) SEM 

image of the WE, (b) identified materials data 

 

Figure 4.6 SEM analysis results of Type-4 WE conductive fibre through point scan (a) SEM image 

of the WE, (b) identified materials data 
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Figure 4.7 SEM analysis results of Type-4 WE conductive fibre through area scan (a) SEM image 

of the WE, (b) identified materials data 

Table 4 shows the difference in the diameter of the electrodes before and after carbon 

coating. The diameters were measured with a digital slide calliper at the area that gets submerged in 

the aqueous solution, which is at a maximum of 1mm from the tip of the electrode. The resultant 

diameter of the developed electrodes shows a significant reduction of size compared to the original 

ZP-HV-SPE which had a surface area of 3.80 mm2 and the modified ZP-HV-SPE which had a surface 

area of 1 mm2.  

Table 4. Diameters of the fabricated electrodes 

Electrode Type Materials of the Conducting 

fibre/wire used 

Diameter without Carbon 

Coating 

Diameter with Carbon 

Coating 

(µm) (µm) 

Type-1 Silver 190 210 

Type-2 Silver 130 150 

Type-3 Copper 50 70 

Type-4 Silver 25 40 

 

4.2.2 Verification of Electrodes 

Whenever any of the electrodes were fabricated, they went through the verification process 

by carrying out a cyclic voltammetry analysis with the electrode. The cyclic voltammetry analysis 

verifies whether the electrode had a proper carbon coating or not. If the electrode had a proper 
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carbon coating, it would show a certain duck-shaped graph plot in the analysis result. However, in 

the case of improper carbon coating, or the metal conductor beneath the coating leaks through at 

any area of the electrode, there would be some crossover between the plotted lines. In addition, 

crossing lines also occur due to the growth of some other material over the carbon layer due to the 

electrochemistry occurring for the particular solution, making the surface area bigger. Hence, this 

indicates that the carbon coating was not properly settled around the electrode or the electrode 

needs proper cleaning to remove the grown residues over the electrode. This verification step is 

always carried out with Fe(CN)6 solution, as the carbon electrodes tend to display their signature 

duck-shaped plot with CV analysis in the Fe(CN)6 solution [64]. Figure 4.8 shows the difference in 

resultant CV analysis between (a) proper carbon-coated electrode and (b) flawed carbon-coated 

electrode.  

 

Figure 4.8 CV analysis of Type-2 electrode with (a) proper duck-shape, and (b) distorted duck-

shape, at the verification process of the electrodes 

If any electrode doesn’t pass the verification step with a good duck-shaped plot in the CV 

analysis, that electrode was never used in the further step of the measurements. Figure 4.9 shows 

the resultant CV analysis of four types of electrodes developed for the project. At the earlier stage of 

the project, when the first three types of electrodes were developed, the verification was carried out 

at the range of -0.2V to 0.5V. However, it was later noticed that the targeted oxidation and reduction 

reaction takes place at the range between 0V to -0.7V, and the FAM analysis was mainly run at -0.4V, 

this oversight was corrected at the verifications of the Type-4 electrode. Thus, the CV of the Type-4 

electrode was run between the range of -0.5V to 0.5V. Although the CV curve of Type-4 showed a 

different shape than the other three types of electrodes, it was considered to pass the verification as 
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there was no crossover between the lines in the plot. Also, another reason for this different plot could 

be that the conductor that was used for fabricating Type-4 was basically conductive fiber made of 

silver whereas the other three types of electrodes had more rigid wire strings either made of silver 

or copper. The data that was used for signal analysis at a later stage, were collected with Type-4 as it 

had the lowest diameter and was considered to be more responsive to microparticles than other 

types of electrodes. Although Type-1 and Type-2 had produced a better duck-shaped curve in the CV 

analysis, these two types of electrodes were not used at the later stages of the project after 

developing the Type-4 electrode. The reason behind this action was that the Type-4 electrodes had 

the ability to utilize a lower current range in the nA scale to detect the signals, whereas the Type-1 

and Type-2 had a larger diameter size and couldn’t utilize a lower current range in the nA scale.  

 

Figure 4.9 CV analysis of fabricated four types of electrodes showing no cross over in the plot and 

hence passing the verification process 
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4.3 Detecting the Presence of Microplastics 

4.3.1 Verifying the impact detection method 

The resultant signals from larger PET particles with the solution stirred suggested that the 

electrodes can detect impacts. In this particular experiment performed at an earlier stage of the 

project, only Type-2 electrode was used. Also, this experiment was carried out to validate the 

hypothesis of signal variation could cause due to particle impact, just on a larger scale. Figure 4.10 

shows the comparison between two signals with and without the PET particles. There were multiple 

measurements taken for this experiment, but only two results are shown in this Figure 4.6 for simple 

comparison. Unlike microplastic particles, these larger PET particles were visible to the naked eye 

and seen to be making impacts with the electrode when being stirred. The figure proves the fact that 

the fabricated electrodes are able to recognize physical impacts by the particles on them and 

represent these impacts in the resultant signal. The signal representing no particle impacts is quite 

flat and unchanged throughout the time as it showed almost no spikes in the signal. Whereas the 

signal representing PET particle impacts has a lot of spikes in the signal. The expected number of 

impacts per second is approximately between 3 to 5. However, this number is not proven to be 

precise in all measurements due to the uncertainty of the stirring rate of the magnetic stirrer. Also, 

the PET particles tend to attach together in the aqueous media while being stirred. Furthermore, the 

PET particles used in this case are heavier and larger than the microplastic particles as mentioned in 

Section 3.7. Thus, requiring a high stirring rate to lift the particles to the upper level in the aqueous 

media. As a result, there were often more than 5 impacts or sometimes less than 3 impacts occurring 

in the measurements. The test was performed with chronoamperometry analysis to identify PET 

particles' impact over a longer time period. The obtained signals were compared with real-time visual 

inspection to confirm that impacts were certainly being recorded. The applied potential for this test 

with chronoamperometry analysis was kept at -0.5 V as mentioned in Section 3.4.  
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Figure 4.10 Verifying impacts being recognized by the fabricated electrodes 

4.3.2 Detecting the Presence of Microplastics with Type-3 

The presence of microplastics in an aqueous solution was observed from the resultant signals 

as they had more spikes than the signals obtained from the solution without microplastics. Figure 

4.11 shows a clear indication of how microplastics can cause a difference in the obtained signals by 

producing spikes in the signal through impacts with the WE. These signals were obtained in both 

stirring and unstirring conditions. Regardless of the stirring conditions, the presence of microplastics 

can be clearly distinguished from the spike amplitudes of the signals. All the measurements were 

taken in the same current and voltage range with the fast amperometry analysis settings as 

mentioned in section 3.4.1. The electrode used for collecting these signals was the Type-3 electrode.  

 

Figure 4.11 Detecting the presence of Microplastics in Aqueous solution with Type-3 electrode 
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4.3.3 Detecting the presence of Microplastics with Type-4 electrode and higher 

sampling frequency 

The Type-4 electrode having the lowest diameter was considered to be the most reliable 

electrode among all four types of electrodes. On a different note, the scan rate of the measurements 

was kept at 0.05 s mistakenly in measurements that were carried out up to this stage. However, after 

developing the Type-3 electrode, the scan rate was modified to 0.0005 s or 0.05 ms. This implies that 

the electrodes would scan and obtain signals at every 0.05 ms interval. This made a significant 

difference in obtaining the signals for detecting microplastic impacts as it would be able to record 

particle impacts happening at faster intervals than 0.05 s. Figure 4.12 shows the difference between 

obtained signals for aqueous media containing microplastics in comparison to the absence of 

microplastics at a 0.05 ms scan rate. The microplastics are producing current oscillations of approx. 

6 per second. In addition, with a higher sampling frequency, current spikes obtained at a shorter time 

interval can be analyzed using FFT, and the results are explained in section 4.5.1. 

 

Figure 4.12 Detecting the presence of microplastics with Type-4 electrode with a lower scan rate 

4.3.4 Deoxygenation of Aqueous Media 

Figure 4.13 shows the CV analysis plot for a 10 mL 20mM KCl aqueous solution without any 

Na2SO3 (red plot), with 5 mg Na2SO3 (green plot), and with 50 mg Na2SO3 (pink plot). Here, the region 

of interest is the -0.4 V region where the oxygen reduction takes place and its respective magnitude 
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level. From the figure, it can be seen that the endpoint of the CV curve of a normal aqueous solution 

in the negative region shifts from approx. 38 µA to a lower current magnitude level of approx. 32 µA 

after adding 5 mg Na2SO3 to the solution. The equivalent current range for the CV analysis at the 

potential of -0.4 V was kept at 10nA to 1µA. However, even after adding 10 times more (50 mg) 

Na2SO3 in the solution, the endpoint of the CV curve did not change much. Whereas the positive 

region showed a significant change due to this high amount of Na2SO3 addition. This could be because 

the deoxygenation taking place in the negative region was completed with 5 mg Na2SO3 in the first 

case and there was no more free oxygen left in the aqueous media to be deoxygenated. However, 

the change by a high concentration of Na2SO3 caused a change in the positive region due to SO3 being 

electrochemically active in that region. Depending on the pH level, the SO3 is likely to exist in different 

forms, but some fraction of it be in the form of SO2 (aq) which can be directly reduced at around -

0.7V with the carbon WE and CE, RE of Ag/AgCl. However, the positive region is not the 

deoxygenation region in this case. This finding concludes that the deoxygenation with Na2SO3 does 

indeed make a significant effect in the aqueous media and all the oxygen in the aqueous media is 

removed. On the other hand, when the microplastics are added to such deoxygenated solution, only 

the oxygen attached to each microplastic particle remains and they are released at the event of 

making impacts with the WE. 

 

Figure 4.13 Deoxygenation effects observed in the Aqueous media through CV analysis  

Another technique that was used for investigating how microplastics work as oxygen carriers 

was the multi-step amperometry analysis. Figure 4.14 shows the resultant signal from multi-step 
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amperometry analysis. Each cycle of the multi-step analysis has a negative potential in one half, and 

a positive potential in the other half. When the microplastics hit the WE, it releases oxygen to the 

WE. At the negative potential, the WE consumes the released oxygen. On the other hand, at the 

second step of the cycle, the electrode releases the oxygen at the positive potential of the cycle. The 

potential in this case changes its polarity from negative to positive in an instance, which causes the 

sudden rise of the current amplitude.  

 

Figure 4.14 Multi-step amperometry analysis showing consumption and releasing oxygen on the 

electrode as microplastics make impacts 

4.4 EIS Analysis 

In this section, the EIS analysis results are presented. The analysis was carried out with two 

platforms: ‘PSTrace’ and ‘djuli’. PSTrace was mainly used for collecting the signals from the test setup 

and analyzing them for circuit fitting. On the other hand, djuli was mainly used for calibration analysis 

with the signals obtained with PSTrace.   

4.4.1 EIS signal collection and circuit fitting with PSTrace 

Figure 4.15 shows the Nyquist plots for impedance spectroscopy analysis of different 

microplastic concentrations. Here, it can be seen that an increase in the microplastic concentrations 

causes a change in the impedance of the solution. The increment of microplastic concentrations 

significantly increases the real impedance or the resistance of the media as it shifts towards higher 
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values. The aqueous media was experimented with conditions of no microplastics, 0.01% 

microplastics concentration, 0.02% microplastics concentration, and 0.03% microplastics 

concentration. Here, all concentrations are represented in v/v percentage. Repeated measurements 

were also performed to check whether the response was the same or not, and the results showed 

that the responses were mostly at the same level for the specific concentration of microplastic 

particles.  

 

Figure 4.15 Nyquist plot by Impedance Spectroscopy analysis for different microplastics suspension 

of 10 µL, 20 µL, and 30 µL representing microplastics concentration of 0.01%, 0.02%, and 0.03% 

respectively 

Figure 4.16 shows the circuit fitting for the aqueous solution without any microplastics 

present. Here, the usual capacitor for EIS circuit fitting was replaced with a CPE (Constant Phase 

Element) according to Du et al. [65] in EIS circuit fitting. Table 5 shows the detailed value of circuit 

fitting for the aqueous solution without any microplastics. Figure 4.17 shows the circuit fitting for the 

aqueous solution with 0.01% microplastics concentration while Table 6 shows the fitted values for all 

of its components. Figure 4.18 shows the circuit fitting for the aqueous solution with 0.02% 

microplastics concentration while Table 7 shows the fitted values for all of its components. Lastly, 

Figure 4.19 shows the circuit fitting for the aqueous solution with 0.03% microplastics concentration 

while Table 8 shows the fitted values for all of its components. Here, it can be observed that the 
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impedance value of R1 and R2 increases whereas Q1 tends to decrease with the increment of 

microplastics concentration.  

 

Figure 4.16 Circuit fitting for the aqueous solution without microplastics 

Table 5. Resultant values of circuit fitting for the aqueous solution without microplastics 

Circuit: R(QR) Title: 
Fresh/absence of 

microplastics 
Measurement: EIS  

Fixed Element 
Fitted 

Value 
Min Value Max Value Unit Error% 

False R 1 2806 1.00E-6 1.00E+12 Ω 0.496 

False Q 1 2.347E-6 1.00E-12 1.00E-3 T 2.461 

False n 1 0.802 0 1.00 ɸ 0.577 

False R 2 1.903E+5 1.00E-6 1.00E+12 Ω 11.61 

       

  Chi-

Squared: 
0.0003 Iterations: 7 

 

 

Figure 4.17 Circuit fitting for the aqueous solution with 0.01% microplastics concentration 
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Table 6. Resultant values of circuit fitting for the aqueous solution with 0.01% microplastics 

concentration 

Circuit: R(QR) Title: 
10µL 

microplastics 
Measurement: EIS  

Fixed Element 
Fitted 

Value 
Min Value Max Value Unit Error% 

False R 1 3657 1.00E-6 1.00E+12 Ω 0.707 

False Q 1 2.099E-6 1.00E-12 1.00E-3 T 3.314 

False n 1 0.750 0 1.00 ɸ 0.806 

False R 2 2.725E+5 1.00E-6 1.00E+12 Ω 16.63 

       

 Chi-

Squared: 
0.0004 Iterations: 6   

 

Figure 4.18 Circuit fitting for the aqueous solution with 0.02% microplastics concentration 

Table 7. Resultant values of circuit fitting for the aqueous solution with 0.02% microplastics 

concentration 

Circuit: R(QR) Title: 
20µL 

microplastics 
Measurement: EIS  

Fixed Element 
Fitted 

Value 
Min Value Max Value Unit Error% 

False R 1 5966 1.00E-6 1.00E+12 Ω 0.963 

False Q 1 1.339E-6 1.00E-12 1.00E-3 T 3.944 

False n 1 0.698 0 1.00 ɸ 0.988 

False R 2 5.660E+5 1.00E-6 1.00E+12 Ω 22.32 

       

 Chi-

Squared: 
0.0006 Iterations: 1   
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Figure 4.19 Circuit fitting for the aqueous solution with 0.03% microplastics concentration 

Table 8. Resultant values of circuit fitting for the aqueous solution with 0.03% microplastics 

concentration 

Circuit: R(QR) Title: 
30µL 

microplastics 
Measurement: EIS  

Fixed Element 
Fitted 

Value 
Min Value Max Value Unit Error% 

False R 1 7204 1.00E-6 1.00E+12 Ω 0.952 

False Q 1 1.501E-6 1.00E-12 1.00E-3 T 3.990 

False n 1 0.657 0 1.00 ɸ 1.054 

False R 2 7.281E+5 1.00E-6 1.00E+12 Ω 27.46 

       

 Chi-

Squared: 
0.0005 Iterations: 5   

 

4.4.2 Calibration test results using PSTrace and djuli 

Figure 4.20 shows the raw signals of the calibration test result to prove the sensor’s 

repeatability in the EIS measurements. The resultant EIS plot for the 1st step shows to be on almost 

the same line with not much of a difference. But there is still some insignificant small drift of the 

signal between the measurements which may have been caused due to temperature change, or 

instrumental error, or solution evaporation. On the 2nd step, a significant shift occurred toward a 

higher impedance range after inserting 0.005% microplastic concentration. The repeated 3 

measurements show to be on the same line without altering any other parameter in the test setup 

indicating that the impedance has changed only due to the addition of microplastics. For the 3rd step, 

the signal has shifted towards a lower impedance range again. This time, the signals shifted to a lower 
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impedance range than the previous fresh solution with the absence of microplastics. This may have 

been caused due to temperature change on the WE due to the new solution. The sensor’s WE in all 

measurements was kept at the same submerged range from the surface of the aqueous solution.  

 

Figure 4.20 Raw signals for EIS analysis in aqueous solution for the case of microplastics being 

absent and present in the aqueous solution. 

A calibration analysis was performed using djuli on the attained raw signals to determine a 

coefficient threshold of the impedance analysis, which can be used for determining whether a certain 

aqueous solution contains microplastics or not. The raw signals shown in Figure 4.20 are simply 

categorized into two groups to define a solution with microplastics and without microplastics. Figure 

4.21 shows these two categorized groups for the raw signals in the real impedance vs imaginary 

impedance graph. From the graph, it is evident that the resultant signal representing the presence of 

microplastics has a higher real impedance than those that represent the absence of microplastics. 

Figure 4.22 shows the parameter plot of the circuit fitting components as an average of all resultant 

EIS signals. The two categories of “0.0” representing the absence and “1.0” representing the presence 

of microplastics. For EIS analysis in this project, the CPE is taken as the reference parameter for 

carrying out the analysis. The circuit fitting components P1n and P1w represents the P1 of the circuit 

fitting, which is the Constant Phase Element. Here, the CPE in djuli is represented as P1 which was 



 

  

___ 

62 
 

previously represented as Q1 in PSTrace.  Among them, the P1w resulted in the most distinguishing 

feature that had the predicted concentration range at the lowest and separated from other 

components’ range.   

 

Figure 4.21 Categorized resultant raw signals for absence and presence of microplastics from EIS 

analysis 

 

 

Figure 4.22 (a) Parameter plot of circuit fitting components obtained from the EIS analysis results 

categorized in two groups where “0.0” representing absence and  “1.0” representing presence of 

microplastics (b) Circuit fitting for the EIS 
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Table 9 shows the resultant components' value in different parameters. From the table, it can 

also be proven that the value of R2 is highest for P1w among the two values representing CPE together 

and also it is quite closer to 1. Therefore, the R2 value of P1w can be considered for defining the 

coefficient threshold for the calibration analysis.  

Table 9. Resultant component values in different parameters  

Component Unit R2 X Intercept Lo D 

R1 kΩ 0.16 5.332 * 105 4.668 * 105 1.32 

R0 kΩ 0.201 2.086 5.45 1.26 

P1n T 0.341 -0.1 0.695 0.856 

P1w Φ 0.844 5.627 * 10-7 2.306 * 10-6 0.308 

 

Based on the resultant values, the following calculations can be done to define a threshold level to 

differentiate between the absence and presence of microplastics in the solution for this particular 

test. 

 For the absence of microplastics, 

(0.56 * 10-6) Φ * (0) + (2.306 * 10-6) Φ = 2.306 * 10-6 Φ =2.306 µΦ 

For the presence of microplastics, 

(0.56 * 10-6) Φ * (1) + (2.306 * 10-6) Φ = 2.866 * 10-6 Φ =2.866 µΦ 

From the calculation, the coefficient threshold for calibration tests can be structured as follows: 

P1w < 2.306 µΦ is aqueous solution with absence of microplastics 

P1w > 2.306 µΦ is aqueous solution with possible presence of microplastics 

P1w > 2.866 µΦ is aqueous solution with presence of microplastics 

 

Similar calibration analysis on different concentrations of microplastics as shown in Section 

4.4.1 was also carried out. The measurements carried out for this test were done in different test 

setups where the aqueous solution was taken differently, and the temperature of the aqueous 

solution might also have been different. Also, the surface area of the electrode that was submerged 

into the solution was also not the same as it was for the calibration test shown previously. Table 10 

shows the resultant component values of different parameters in the calibration test for different 

microplastic concentrations. From the table, it is evident that the R2 value of P1n in this case is the 

highest among the two values representing CPE together and also it is quite closer to 1. Therefore, 
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for this calibration test, P1n was taken as the defining coefficient threshold. Figure 4.23 shows the 

resultant plot for P1n values for different microplastic concentrations. 

Table 10. Resultant component values of different parameters in calibration tests for several 

microplastics concentration level 

Component Unit R2 X Intercept Lo D 

R1 kΩ 0.979 2.314* 104 54.76 0.018 

R0 kΩ 0.974  177  2.138  0.013  

P1n T 0.975  -4.879  0.798  5.460 * 10-3  

P1w Φ 0.594  -3.171 * 10-5 13.3  0.092  

 

 

Figure 4.23 Parameter plot of P1n for different microplastics concentrations 

Based on the resultant values, the following calculations can be done to define a threshold level to 

differentiate between different concentrations of microplastics in the solution for this particular 

test. 

 For absence of microplastics, 

(-4.879) T * (0) + (0.798) T = 0.798 T 

For 0.01% microplastics, 

(-4.879) T * (0.01) + (0.798) T = 0.749 T 

For 0.02% microplastics, 

(-4.879) T * (0.02) + (0.798) T = 0.70 T 

For 0.03% microplastics, 

(-4.879) T * (0.03) + (0.798) T = 0.651 T 
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From the calculation, the coefficient threshold for calibration tests can be structured as 

following: 

P1n ≥ 0.798 T is aqueous solution with absence of microplastics. 

P1n ≈ 0.749 T is aqueous solution with presence of 0.01% microplastics concentration. 

P1n ≈ 0.700 T is aqueous solution with presence of 0.02% microplastics concentration. 

P1n ≈ 0.651 T is aqueous solution with presence of 0.03% microplastics concentration. 

4.5 Signal Processing 

Signal processing is considered to be the most crucial part of this project in order to make sense 

of the resultant signals obtained from different experiments and understand them properly. This 

section presents the pre-processing steps as well as the final stages of the signal-processing methods. 

4.5.1 Microplastic Particles Count with Optical Microscope and Hemocytometer 

For counting micro-particles visually, the hemocytometer is a quite helpful tool that can be 

used under an optical microscope. As per the methodology carried out for this step, the resultant 

images for a 1:10 dilution factor of microplastic particles are shown in Figure 4.24 by zooming in to 

one large square of the hemocytometer. Table 11 shows the estimated particles count for particular 

concentrations. 

Here, each block consists of a certain number of microplastic particles. All 16 blocks together, 

would be considered as 1 large square block as shown in the figure. The resultant values are shown 

below: 

Block 1 = 98, Block 2 = 93, Block 3 = 102, and Block 4 = 117 microparticles 

Total = 410 microparticles 

Total blocks in one large square = 16 

Estimated total microplastics count in one large square = 410 * 4 = 1640 microparticles 

Here, 

Cell count Formula for Haemocytometer: Total number of particles/mL = average cell count 

per square (whole square containing 16 blocks) * dilution factor * 104 

Therefore, 

 Total number of particles = 1640* 10 * 104 = 1.64*108/mL 

    = 1.64*105/µL 

So, for 0.02%/mL microplastics concentration, Total number of particles = 20 * 1.64*105 
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         = 3.28*106 

 

Figure 4.24 Microplastic particles on hemocytometer under the optical microscope, zoomed in to 

one large square 

Table 11. Estimated microplastic particle count for particular concentration 

Microplastics Concentration 

(solid% in v/v form) 

Particles Count 

0.01 1.64*106 

0.02 3.28*106 

0.03 4.92*106 

0.04 6.56*106 

  

4.5.2 Statistical Analysis of Spike Count  

This section represents the statistical analysis of spike count that was carried out with Julia 

Programming Language. 

4.5.2.1 Resultant Statistics on the Acquired Signals’ Spikes 

When a certain set of data consisting of different aqueous solutions (with or without 

microplastics, and deoxygenated solution) are compared through differentiation, their scans at each 

0.05 ms time interval show the amplitude of the spike at that specific time. If a threshold is 

considered, a statistical representation can be attained to get the summary of how many spikes were 

attained above that certain threshold level. Figure 4.25 shows three differentiated signals of three 
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conditions overlaying on each other with a fixed threshold range. This analysis was done with Julia 

Programming language. Here, the X-axis displays the number of scannings required to attain a certain 

number of spikes, and the Y-axis displays the amplitude of the spikes. It is to be pointed out that the 

dataset represented in Figure 4.25 is to just visualize how the threshold range works and how the 

spikes above that threshold range are counted. These three signals were picked from a total dataset 

of 60 signals obtained from 60 measurements. Here, each condition had a contribution of 20 signals. 

In Figure 4.25, the threshold range was set to 7 duA/ds, which can be varied from 0 to 30 or any 

positive range, but only the number of spikes above the defined threshold range would be counted.  

The total count of spikes for the whole dataset containing 60 signals above the defined 

threshold level, is represented in a statistical manner of violin plots and box plots in Figure 4.26. From 

this figure, it can be understood that the difference between the aqueous solution containing 

microplastics is hard to distinguish from the solution without microplastics by counting the spikes. 

The suspected reason was that the background oxygen in the aqueous media make it difficult to 

observe the change caused by microplastics alone. Even though the range of spike count for aqueous 

solution containing microplastics was slightly higher as shown in the box plot, it was still not entirely 

separated from the spike count range of the aqueous solution without any microplastics. However, 

the spike count went significantly high when the aqueous solution containing microplastics was 

deoxygenated. Both the box plot and the violin plot show a significant difference when the aqueous 

media was deoxygenated. This is because of the fact that all the background oxygen in the aqueous 

media was removed and only the oxygen remaining with the microplastics remain. Thus, the 

electrode only gets the oxygen released onto it from the microplastics when impacts occur and with 

no background oxygen, these spikes due to microplastics impacts cause a significant change in the 

resultant spike amplitude and are more distinguishable.  
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Figure 4.25 Representation of a defined threshold level 7 duA/ds in which the spikes above this 

threshold is counted. 

 

Figure 4.26 Statistical representation of Spike count above the threshold level 7 in oxygenated and 

deoxygenated solutions with and without microplastics. 

4.5.2.2 Probable Impact Calculation 

For the Type-4 electrode, it is quite difficult to count the exact number of impacts caused by 

the microplastics from the attained results. Also, the exact number of microplastic particles released 

into the aqueous solution is something that could not be pre-determined or counted with 100% 

accuracy. However, if some parameters were assumed with a realistic measurement so far, the 

probable number of microplastic particles making impacts with the electrode can be calculated.  
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We know,  

 Diameter of the Type-4 electrode = 0.04mm 

 The total volume of the aqueous solution = 10 mL 

From the approximate count of microplastics with the optical microscope, there are 3.28 * 106 

particles per 0.02% concentration of microplastics and this amount was released into the 10mL 

aqueous solution. 

Let's assume the following parameters for the sake of the calculation,  

 Height of the cylindrical-shaped electrode submerged into the aqueous solution = 0.5mm 

 Rotation speed of the solution with magnetic stirrer = 30 RPM 

Now,  

Radius, r = 0.04 mm / 2 = 0.02 mm. 

We know, Volume of the wire = π * (r)2 * length 

= π * (0.02 mm)2 * 0.5 mm  

≈ 0.0000628 mm³ 

Number of particles hitting the wire per second = (Number of particles in the solution) * (Volume of 

the wire / Total volume of the solution) * (Stirring speed in revolutions per minute / 60 seconds) 

    = (3.28 * 106 particles) * (0.0000628 mm³ / 10000 mm³) * (30 RPM / 

60 seconds) 

    ≈ (3.28 * 106) * (6.28 * 10-9) * (0.5) 

    ≈ 10.3344 particles per second 

Therefore, approximately 10.3344 microplastic particles would make impacts with the electrode 

every second. 

From the calculation, it seems that there is a high possibility of microplastic particles hitting 

the electrode and producing such a high spike count without the interference of background oxygen. 

4.5.3 Fast Fourier Transform (FFT) Analysis Results 

With FFT analysis, the frequency spectrum of the recorded signal can be determined. For a 

specific concentration of microplastic particles released in the aqueous solution, there should be a 

certain frequency level associated with the impact events observed from the microplastics hitting the 

sensor. Figure 4.27 shows the difference between two aqueous solutions where one of them contains 

microplastics and the other one does not. Here, due to the presence of microplastics, there’s a 
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significant rise in frequency between 5 Hz to 7 Hz, which is absent in the case of aqueous solution 

without any microplastics.  

 

Figure 4.27 FFT analysis on raw signals obtained from FAM analysis for the aqueous solutions 

with microplastics and without microplastics 

To verify whether this analysis was a reliable result or not, the same FAM measurement was 

carried out on the two solutions (with and without microplastics) multiple times to see whether the 

same pattern of the results repeat or not. Figure 4.28 shows the resultant plots from only FFT analysis 

on the obtained FAM signals. Here, it can be clearly understood that the aqueous solution with 

microplastics repeats the same result by showing a peak rise on the same frequency zone in almost 

every measurement as the concentration of microplastics remained unchanged in the solution. The 

frequency zone that had this peak rise was always in the 5 to 7 Hz zone with some random rise 

observed at other zones which were not repeated and can be neglected. On the other hand, there 

was no rise in any of the frequency zones for the aqueous solution without any microplastics. Multiple 

measurements were carried out in this solution as well to verify that these weren’t random results 

and the final outcome proves that the results were indeed repeatable depending on the microplastic 

concentration of 0.005%.   



 

  

___ 

71 
 

 

Figure 4.28 Multiple FFT Analysis results for the aqueous solutions with 0.005%/mL microplastics 

concentration and without any microplastics 

However, the result presented above is not absolute, and there were also some exceptional 

results that break this pattern in some cases. Figure 4.29 shows some of these exceptions. On a 

statistical note, among the total number of measurements carried out for the same experiment 

setup, the rate of these results that break the pattern for the aqueous solution with microplastics 

was 26.31% and for the aqueous solution without microplastics was 26.66%. It should also be 

mentioned that if any of the measurements had any external disturbance in the experiment setup 

(e.g., external touch causing movement of the working electrode while running measurement), then 

the resultant signal would most likely show a disruption in the results. If Figure 4.29 was compared 

with the results shown in Figure 4.28, these exceptions and wrong patterns can be clearly observed 

as the results for the ‘With Microplastics’ condition didn’t have the rise in frequency zone at 5 to 7 

Hz whereas some random rise was observed for the ‘Without Microplastics’ condition. 
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Figure 4.29 Exceptions and wrong results observed in some measurements most probably due to 

external interference 

In order to verify whether this rise in the frequency shows any pattern of change for different 

microplastics concentrations, the experimental setup was modified where the concentration of 

microplastics was changed before running a set of measurements. Figure 4.30 shows the resultant 

raw FAM analysis signal along with its FFT analysis signal for the aqueous solution without any 

microplastics, with 20µL microplastics suspension for 0.02% microplastics concentration, 30µL 

microplastics suspension for 0.03% microplastics concentration, and 40µL microplastics suspension 

for 0.04% microplastics concentration. It is hard to find any significant pattern from the raw FAM 

signal. However, through FFT analysis, the resultant signal shows the difference in the frequency zone 

that had the rise in amplitude at a certain level. The signals obtained for aqueous solution without 

any microplastics, didn’t have any rise in any of the frequency zone. However, for 20µL suspension, 

there is a significant rise observed at the 20 Hz with an amplitude of 5. In addition, for 30µL 

suspension, there is a significant rise observed at 21 Hz with an amplitude of 10. Lastly, for 30µL 

suspension, the rise was observed at 24 Hz with an amplitude of 9. Here, it should be noted that 

there are also rises observed at other frequency zones. But the amplitudes of the rise at these 

frequency zones are not the most dominant. Therefore, in the cases of multiple rises at different 

frequency zone, the highest amplitude rise is considered the dominant frequency zone, which is 

specific for certain concentration of microplastics.  
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Figure 4.30 FFT analysis results on aqueous solutions at different microplastics concentration 

Figure 4.31 shows multiple FFT analysis results obtained from multiple measurements carried 

out in the specified condition of the aqueous solution without any microplastics and with 20 µL 

suspension microplastics concentration. From the figure, it can be noticed that there is no significant 

rise at any of the frequency zone. However, the resultant FFT signals for 20 µL suspension had a 

significant rise at 20 Hz. Even though there are some rises at frequency zone 6.5, it is not the most 

dominant rise with the highest amplitude. Thus, for 20 µL suspension, the frequency zone of 20 Hz 

can be considered the dominant frequency zone.  Furthermore, Figure 4.32 shows the resultant 

signals obtained from multiple FFT analyses on the obtained FAM signals from the aqueous solution 

with 30 µL microplastics suspension and 40 µL microplastics suspension. Here, one significant 

difference can be seen at 21 Hz and 24 Hz. The solution with a 30 µL microplastics concentration had 

peaks at both of these frequency zones, but only at 21 Hz, the results showed the highest amplitude 

in most of the cases. On the other hand, for 40µL suspension, the peak with the highest amplitude 

was at 24 Hz, even though it also had a rise at 21 Hz. 
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Figure 4.31 Resultant FFT signals obtained from multiple FAM signals for the aqueous solution 

without any microplastics and with 20µL microplastics suspension  

 

Figure 4.32 Resultant FFT signals obtained from multiple FAM signals for the aqueous solution 

with microplastics suspensions of 30µL and 40µL  
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A summarized representation is presented in Figure 4.33 showing the trendline for different 

frequency zone and amplitude variations that occurs when microplastic concentration is changed.  

 

Figure 4.33 Summarized trendline representation on frequency zone and amplitude variations due 

to the change in microplastics concentration 

In order to verify whether the microplastic particles work as oxygen carriers or not, the FFT 

analysis was also carried out for the deoxygenated solutions with and without microplastics. 

Although, previously the deoxygenation process was carried out with Na2SO3, this time it was carried 

out with MgSO4. Figure 4.34 shows the resultant signals of two solutions prepared with 

deoxygenating agent MgSO4, but only one of them contains microplastics. In the figure, it can be seen 

that the FFT signal for the aqueous solution containing microplastics has spikes with higher 

amplitudes of up to 6 in multiple frequency zone. However, such a rise of spikes was not observed in 

the aqueous solution without any microplastics. The MgSO4 scavenges oxygen in the aqueous 

solution without being electrochemically active. This may have been a reason why it produces such 

a different result than Na2SO3, whereas Na2SO3 is electrochemically active in the aqueous solution. 

This also proves that the microplastics work as oxygen carriers and such behavior is more prominent 

when all the background oxygen in the aqueous media is removed.  
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Figure 4.34 FFT analysis with deoxygenating agent MgSO4 to observe the effect of microplastics 

without any background oxygen. 

 

 

5 Discussion 

This chapter discusses different aspects of the project including the challenges, limitations, 

advantages, and possible reasons for some of the outcomes of this project.  

5.1 Comparison with other Microplastics Detection methods 

There are several methods available for detecting microplastics, but almost all of them require 

high-tech laboratory technologies and trained personnel to operate. This project aimed to develop a 

simpler and cost-effective solution to detect microplastics. Figure 5.1 shows an overall comparison 

of the different techniques that are used for detecting microplastics in the aqueous media which 

were explained in Section 2.2. From the comparison, it can be clearly understood that the 

electrochemical sensor developed in this project does not require any high-tech laboratory facilities 

or any professional expertise. On the other hand, it paves the way for a detection technique that is 

efficient, easy to understand for general users, easier setup for analysis, low-cost, and has huge 

potential for large commercial usage. If the developed method is integrated fully into one system, it 

would become fairly easy to adopt as a microplastics concentration measuring method as it only 

requires the sensor to be in the aqueous concentration to run the measurement and then the analysis 
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would show a particular level depending on the concentration of microplastics present. For such a 

method, it would not require the users to have previous high-level expertise or knowledge of 

laboratory technologies. Instead, it would only require a simple training session for a user to use such 

an electrochemical sensor with the pre-defined tools and analysis method. From such a perspective, 

it can be envisioned as a rapid testing method to detect and determine microplastics concentrations 

in aqueous media. The fabrication of the sensor itself would be quite low-cost as it can be integrated 

into a screen printed electrode sensor. In this project, the screen printed CE and RE was used. If the 

WE had the structure of such a Type-4 electrode on a screen printed sensor with those Ag/AgCl CE 

and RE, then it would have been a functional sensor as well. For such a sensor, it would only need to 

be connected to a potentiostat for running the measurements. The collected data from the 

measurements could be easily used in a pre-defined system for spike count, FFT, and EIS analysis to 

determine the final results.  

 

Figure 5.1 Comparison between different microplastic detection techniques and this work 
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5.2 Research outcomes 

The electrochemical sensor was basically developed by taking inspiration from the work done 

by Shimizu et al. [6] and one of the main goals of this project was to prove the “impact concept” for 

detecting microplastics in the aqueous media. The reference research work utilized carbon 

microfiber as the WE in the aqueous media while limiting the exposure of the WE by inserting it 

through a pipette tip and sealing the remaining part. Inside the aqueous solution, the microplastics 

are suspended in a controlled test setup and each time a microplastic particle falls on the WE, it 

generates a spike in the acquiring chronoamperometry signal. Here, the small scale of the WE plays 

a crucial role to utilize low current ranging in the pA to nA level to recognize such a small particle’s 

impact signal. The resultant impact signal of one microplastic particle in the reference research work 

was 0.025 nA. Such a method can be used for counting the microplastics particles as well. Another 

hypothesis made by the researchers of the reference work was that the microplastics particles work 

as oxygen carriers and the oxygen is released onto the carbon WE upon impact.   

The outcome of this project also utilized this “impact concept” with limited resources but was 

able to fulfill the main purpose of the project to detect changes in aqueous media caused by 

microplastics. Even with a large diameter compared to the reference work, the WE’s developed in 

this project (type 2-4) was able to utilize the “impact concept” to detect the spikes caused by 

microplastic particles impacting on the electrode in a manner of average scale. Here, the WE was not 

able to recognize each individual microplastic particle’s impact on a significant scale as the reference 

work by Shimizu et al., but it was able to detect the impacts over a longer period of time and the 

difference can be noticed when all the spikes above a certain threshold are counted and compared 

against the solution with no microplastics particles. Therefore, the developed method in this project 

might not be able to detect microplastic particles individually, but it can detect the overall 

concentration of the microplastics particles. Utilizing the FFT analysis, the results can be well defined 

to better represent this concentration level of the microplastics. For certain concentrations of 

microplastics, the FFT analysis would produce a specific frequency level that only represents the 

particular microplastics concentration. If the concentration is changed, this frequency level also 

changes accordingly to a lower level or higher level. In order to verify the hypothesis made in the 

reference work regarding microplastics acting as the oxygen carrier, the aqueous solution was 

deoxygenated in this project to remove all the background oxygen in the aqueous solution. In such a 

case, the amplitude of impact signals and spike count raised significantly. This could indicate the 

validity of the hypothesis as well, but the deoxygenation process used in this project might not be 
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the most accurate approach as the chemicals might cause some electrochemical effect that may 

deviate from the results.  

For the CV analysis of the carbon electrode that produces the signature ‘duck-shaped’ plot, the 

anodic peak and cathodic peak occur due to the oxidative electrochemical reaction. Assuming the 

electrolyzing species are reversible, a lot of products are accumulated from the oxidation and then 

the initial state is achieved again through a reduction. The potential going negative of the reversal 

potential (midway between the two peaks) motivates the reaction to go in the opposite direction. 

When a conducting wire or fibre is not properly coated with carbon, disruption occurs in these 

oxidative electrochemical reactions, and the signature ‘duck-shaped’ plot is not attained. In this case, 

as the surface of the electrode does not have the same material in all surface areas, the same reaction 

can’t take place in contrast to the materials of the electrode and the species present in the media.  

At the 100 seconds of the multi-step amperometry analysis measurement presented in 

section 4.3.4, microplastics were added to the aqueous solution and the resultant signal was getting 

larger afterward. This could be because of a cumulative effect of the WE absorbing the oxygen from 

the microplastics, releasing afterward, and then absorbing more again at the next scan. Another 

possible reason could be some kind of element was being deposited or growing on the electrode 

electrochemically. However, these hypotheses were not investigated further in the project to confirm 

their validity entirely.  

On the other hand, this project also utilized the EIS analysis to detect and quantify microplastics 

in the aqueous solution, which was not done by Shimizu et al. [6] in their work. A similar approach 

was made by Du et al. [65] to detect microplastics concentrations in aqueous media using graphene 

electrodes through EIS analysis. However, there are some inconsistencies in their work that can be 

noticed. One of them was that the applied electrode potential for their EIS analysis was not clear. 

One of their focuses was to prove that the EIS signal would change by varying the microplastics 

concentration for different sizes of the microplastics particles. Nonetheless, some of the resultant 

graphs did not have a consistent scale on the X and Y axis without any specific reason. This makes an 

uncertainty about the obtained results whether the variations in their obtained EIS signal were 

caused by the microplastics concentration change, or it might have been just because of the 

electrode itself. In this thesis project, the EIS analysis was carried out without changing or varying any 

of the parameters except for the microplastics concentration. The electrode settings were kept the 

same with the same submerged area in the aqueous solution. All the results were obtained without 

showing any inconsistencies in the scale of the X and Y axis. The results also indicate that the 
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impedance of the aqueous solution changes when the concentration of microplastics is varied. For 

calibration tests that were carried out, it was found that the calibration coefficient threshold has a 

significant dependency on the test setup as different test setups with variations in submerged 

electrode area, the temperature of the solution during a test, instrument-induced noise, and other 

variables cause the calibration coefficient to be different. For the calibration tests, the CPE elements 

that had the highest R2 value were taken as the reference parameter. Such a selection procedure 

makes the calibration step easier and more effective. However, the calibration coefficient threshold 

for one particular test setup cannot be used for other tests. Therefore, it is a limitation of this method 

as well that a universal threshold level can’t be defined with the utilized test setup.  

5.3 Challenges, Limitations, and Possible Reasons 

The project was basically developed from a concept to detect microplastics with an 

electrochemical sensor. Since there was not much work done on such a topic, it was a big challenge 

to understand different concepts and figure out the steps to develop such a sensor. When a problem 

arises, different options were considered to solve the problem and all of the options were practically 

tried out to finally figure out the most effective solution. 

The reference work by Shimizu et al. utilized a carbon fibre electrode with a length of 1 mm and 

a diameter of 7 µm. This carbon fibre was manufactured by another company that has the technology 

to produce such carbon microfibers. However, for this project, carbon microfiber in such a low 

diameter was not available. Therefore, the wires or fibres at the smallest diameter were searched for 

in the in-house laboratory facilities and the smallest available wires or fibres were used for developing 

the working electrode. Thus, conductor string (Type-1, Type-2, Type-3) from electrical wire or fibre 

(Type-4) was coated with carbon paste to develop working electrodes. The lowest diameter possible 

to attain in such a case was 40 µm, which is quite large compared to the reference work. Therefore, 

it wasn’t possible to attain the feature of individual microplastic particle counting using the developed 

WE, but it would have been possible to attain such a feature with a carbon microfiber in this project. 

Such a hypothesis was not fully proven in this project as the working electrode has too large a 

diameter to recognize particles of such small scales. However, the developed electrode proves to be 

able to detect microplastic concentration levels in the aqueous media collectively. So it proves to be 

an effective tool to detect microplastics. 

Although the accuracy of the developed working electrode is not high enough, it could have been 

possible to obtain more accurate results if carbon nanofibers were available for use in this project. In 
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addition, the reference research paper hypothesized that such nanofibers can be used for detecting 

microplastic particles individually and counting them one by one through each impact caused by the 

particles individually. Such a hypothesis was not fully proven in this project as the working electrode 

has too large a diameter to recognize particles of such small scales. In addition, to mitigate the 

electrochemical issues with the deoxygenation process carried out in this project, the deoxygenation 

process could be carried out using argon gas. However, this approach was also not possible to carry 

out in this thesis work due to resource and time constraints.   

Furthermore, due to the large diameter of the working electrode, the current range could not 

be brought down to a much lower level as such a large electrode is conducting current through it, it 

tends to conduct in a higher range. Thus, for this project, the minimum effective current range was 

attained at 100 nA for FAM analysis, and most of the measurements were carried out in this range. 

If carbon nanofiber was used as the working electrode, it might have been possible to bring the 

current range to an even lower level of pA range which is suspected to be the effective level for 

observing microplastics impact individually. 

 

6 Conclusion and Future Works  

Through this research work, an electrochemical sensor was developed to detect microplastics in 

aqueous media. The findings from this project supports that the “impact concept” can be considered 

as an effective method to detect microplastics in aqueous media. The findings also prove that the 

microplastic particles work as oxygen carriers and this characteristic may become more prominent 

when all the background oxygen in the aqueous media is absent. The working electrode absorbs the 

released oxygen from the microplastic particles and then releases it to produce hydrogen peroxide. 

This reaction generates the signal which is obtained as the “spike” in the FAM analysis. Combining 

FFT analysis and FAM analysis, the concentration of microplastics can be determined. The developed 

working electrode for this project proved to be a feasible part of the sensor’s mechanism. However, 

if the diameter of the WE were below or equal to 7 µm, one can assume that the accuracy of the 

system would have been better in detecting individual microplastic particles according to Shimizu et 

al. The research work also utilized impedance spectroscopy to prove that the developed sensor could 

detect the impedance of an aqueous solution containing microplastics and it can detect the change 

in concentration of microplastics.  

The impact concept utilizing amperometry and FFT does not require very sophisticated 

electronics and it is quite a simple technique that could be used for detecting microplastics in 
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aqueous media. But it depends on a narrow current window to detect the impact and doesn’t provide 

much mechanistic information as EIS. On the other hand, the EIS analysis also proved to be able to 

detect different microplastics concentrations and more information can be acquired by this method. 

However, it requires more sophisticated conditioning and readout circuitry and is highly dependent 

on the test setup as electrode submergence length, shielding, solution temperature, etc. affect the 

impedance, especially at high frequencies. Therefore, it can be concluded with the suggestion that 

both of these techniques (impact concept and EIS) should be improved and integrated together for 

an effective and highly efficient electrochemical microplastics detection method. 

As for future work, the developed WE was used as a separate part of the sensor and it was not 

integrated with the RE and CE in the form of a screen-printed electrode. Therefore, much work can 

be done on this aspect of the project as well. Figure 6.1 shows an envisioned design that could be a 

possible model for a screen-printed sensor to detect microplastics in aqueous media. The working 

electrode of the envisioned sensor should be a free-standing electrode that should be exposed to the 

aqueous media from all angles. The reason behind such a concept is that the microplastic particles 

can flow and make impacts with the working electrode from any direction. If the exposed WE was 

printed on a flat surface, it would’ve constrained the ability of the WE to recognize half of the possible 

impacts as a flat surface only has the electrodes with only one side exposed.  

 

Figure 6.1 Envisioned design for screen printed sensor to detect microplastics in aqueous media 
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Another aspect of possible future work could be merging the developed electrochemical 

sensor with a microfluidic channel chamber where the microplastic particles would be guided toward 

the sensor by the acoustic actuator. Figure 6.2 shows a simulation of the envisioned microfluidic 

channel chamber. The sensor’s WE would be placed in the microfluidic channel which would carry 

the microplastic particles. The microplastic particles would make an impact on the WE as they flow 

through the microfluidic channel. 

 

Figure 6.2 Envisioned microfluidic channel chamber that could be integrated with the 

electrochemical sensor to detect microplastics in aqueous media [66] 
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