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Abstract 

 

Microplastic Entrainment in Ice Formations and Their Electrochemical Removal from Water 

 

Zhikun Chen, Ph.D. 

Concordia University, 2024 

 

Sea ice can act as a temporary sink for microplastics (MPs), which also function as secondary 

sources and transport mediums for MPs. While field investigations have confirmed the widespread 

presence of MPs in ice, knowledge about their environmental fate in cold regions remains limited. 

This study investigates the entrainment of MPs during ice formation processes and how freezing 

alters their behavior in water. Additionally, an electrochemical removal technology was developed 

to separate MPs from water, addressing the issue at its source. 

 

The study first explored the effects of various MP properties and environmental conditions on the 

entrainment and enrichment of MPs in ice under different turbulence scenarios. Results revealed 

that high turbulence in freshwater significantly increased the entrainment of hydrophobic MPs in 

ice, due to the combined influence of frazil ice and air bubbles. The hydrophobic nature of MPs 

led them to concentrate at the water/air or water/ice interface. However, in saline water, high 

turbulence inhibited the entrainment of all MP types, as loose ice structures allowed for the 

exchange of MPs between ice and water, resulting in rapid expulsion. In calm saline conditions, 

MP enrichment factors were higher compared to calm freshwater. 
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Next, the study examined the interactions between aquatic organic matter and MPs, focusing on 

how these interactions influence MP behavior during ice formation. A 28-day experiment evaluated 

the effects of dissolved organic matter on MP properties under UV and dark conditions. Findings 

revealed that aquatic organic matter adhered to MPs, with varying impacts on different MP types. 

Surface damage caused by physical abrasion and UV radiation improved the entrapment of MPs in 

ice, highlighting the critical role of MP properties in their environmental behavior. 

 

As temperatures fluctuate, MPs stored in ice can be released, and freezing conditions can alter their 

properties, affecting their fate in the environment. Freezing in freshwater led to MP aggregation 

through physical compression, increasing particle size upon release. This aggregation enhanced 

buoyancy, accelerating the settling or rising velocity of MPs in water. In contrast, the presence of 

salt mitigated freezing effects due to the formation of a brine network within the ice structure, 

reducing pressure on entrapped MPs.  

 

To address the issue of MP release into the environment via wastewater, this study developed an 

electrosorption (ES) technology using graphite felt electrodes to remove MPs from water. 

Preliminary experiments investigated the effects of flow rate, applied voltage, and electrolyte 

concentration on MP removal efficiency. Under optimal conditions, 96.9% of MPs were removed 

after 150 minutes. By analyzing the factors influencing MP removal efficiency and the underlying 

mechanisms using DLVO theory, this study provides a foundation for future advancements in ES 

technology for MP removal, with potential for real-world applications in complex environments. 

.  
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Chapter 1.  Introduction 

 

1.1. Background 

Plastic pollution is a growing concern in terms of the threat it poses to ecosystems, organisms, and 

even public health (Amelia et al., 2021). With long-term weathering through physical abrasion, and 

chemical and biological degradation, microplastics (MPs) can be released from large pieces of 

plastic waste (Wang et al., 2021c; Wang et al., 2022b). In addition, MPs can be directly emitted 

from anthropogenic activities; these small polymer particles having seen intensive use in 

commercial and industrial products such as paints, cosmetics, and cleaning products (Weithmann 

et al., 2018; Yuan et al., 2022). The marine environment has been identified as an important sink 

for plastic waste. MPs are widely detected in the global ocean, even in some remote regions such 

as the Arctic Ocean (Kanhai et al., 2020). The fate and transport of MPs in the marine environment 

is a complex process and has attracted increasing attention from the research community in recent 

years. MPs are present in the various environmental media of the ocean, such as the intertidal zone, 

sediment, and seawater (Yang et al., 2022a). Understanding the mobility and exchange between 

these media can be highly challenging, though, since the environmental behaviour of MPs is subject 

to a range of factors such as their physical and chemical natures and the variability of natural 

features.  

 

Sea ice can serve as a temporary sink for MPs, and thus it too can function as a secondary source 

of, and transport medium for, MPs. Recent studies have observed MP enrichment in sea ice, and 

have found MPs to be significantly more concentrated in sea ice than in open water (Kelly et al., 

2020; Peeken et al., 2018). In another study, the contribution of atmospheric input to MPs in sea 

ice was found to be less than 1%, suggesting marine MPs are the main source of ice-trapped MPs 
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(Kim et al., 2021). Indeed, it has been estimated that the total mass of MPs accumulated in seasonal 

sea ice is comparable to that of the MP stock floating in global oceans (Kim et al., 2021).  

 

The entrapment of MPs in water bodies has also been widely observed in freshwater ice formations 

within rivers and lakes (Liu et al., 2023). During the winter seasons in cold regions, the entrainment 

of MPs into ice can result in seasonal fluctuations in MP concentration within the water columns. 

A notable drop in MP abundance in winter has been documented during ice-cover periods, both in 

river and lake environments, owing to the enrichment of MPs within the ice matrix. Environmental 

sampling in Lake Ulansuhai, China, for instance, revealed that the MP abundance in ice-free 

periods was 4.5–11.3 times higher than during the ice-cover periods, and that the abundance in ice 

was 2.74–8.14 times higher than that in the underlying water (Liu et al., 2023). Similarly, sampling 

of an urban river in Beijing, China, showed that MP abundance was doubled after thawing of the 

ice (Zhang et al., 2022). 

 

Some studies have hypothesized that ice algae might be responsible for transporting MPs to sea 

ice, given the high exchange of ice algae between sea ice and underlying water. In this regard, 

Hoffmann et al. (2020) found that while ice algae does not enhance MP enrichment in sea ice, the 

extracellular polymeric substances (EPS) produced by ice algae can affect the surface 

characteristics of MPs. Pradel et al. (2021b) investigated the distribution pattern of MPs and 

nanoplastics in ice and water, using a cold finger to simulate the sea ice formation. The results 

revealed that MPs can become trapped in ice more easily than nanoplastics, and that the process 

can be affected by EPS and salinity. Geilfus et al. (2019) conducted a microcosm experiment to 

determine MP distributions and effects on sea ice properties, observing that MP enrichment was 
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occurring, and concluding that a high concentration of MPs can affect sea ice properties such as 

salinity and albedo. 

 

These studies contributed to the understanding of the enrichment and entrainment of MPs in ice 

and explained some of the factors that influence this process. However, all these studies were 

implemented in calm water, whereas water convection and turbulence can be critical factors 

affecting the behavior of suspended particulate matter in water. Flowing water can enhance the 

suspension of particles; moreover, their hydrophobic nature causes some MPs to attach to the air 

bubbles or ice crystals that form in water under high turbulence (Smedsrud, 2001). These can be 

favorable conditions for the entrainment of MPs in ice. For instance, Kempama et al. (1989) 

demonstrated that the turbulent flow can be a crucial factor in the formation of ‘dirty ice’ caused 

by sediment entrainment. 

 

The behavior of MPs is highly dependent on their physicochemical properties and surface 

characteristics, which can be significantly impacted by aging and the presence of organic matter 

on their surfaces. Aquatic dissolved organic matter (DOM) includes various functional groups that 

can provide diverse sites for the adsorption of environmental contaminants including MPs (Chen 

et al., 2023a; Chen et al., 2022b). Aquatic DOM can strongly interact with MPs, potentially altering 

their characteristics and mobility (Yang et al., 2022b). Moreover, aquatic DOM can also affect the 

aging of MPs. DOM like humic acid and fulvic acid can generate reactive oxygen species (ROS) 

during their photolysis to accelerate the photoaging of MPs (Qiu et al., 2022). Aquatic DOM can 

also act as the ROS scavengers and light-shielding effect to inhibit the photoaging of MPs. The 

role of aquatic DOM in the aging of MPs may depend mainly on the chemical structure of the 

plastic and its ability to adsorb DOM, which can either accelerate or inhibit the aging process (Cao 
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et al., 2022). The aquatic DOM can also alter the surface properties of MPs such as zeta potentials 

and hydrophobicity by adsorbing on their surface (Chen et al., 2023a). The presence of large 

amounts of DOM in the natural environment can affect the behavior of MPs in cold regions, 

especially their entrapment in sea ice. 

 

With changing temperatures, MPs stored in ice can be released back into the environment, while 

freezing conditions can alter the properties of MPs, ultimately affecting their fate in the 

environment. Freezing conditions can physically compress the MP particles to increase their 

particle size or cause them to integrate with other substances in the water (Alimi et al., 2021). In 

addition, it has been observed that freezing conditions can accelerate the degradation of MPs as a 

result of the enhanced generation of free radicals due to the freezing-induced aggregation and 

extrusion of MPs (Lv et al., 2023; Tian et al., 2022). 

 

Recently, various technologies have been developed to reduce MPs at their sources by facilitating 

their removal from water. Electrosorption (ES) is an electrochemical method that removes ions or 

organic compounds from water by adsorbing them onto conductive electrodes using an external 

electric potential, without the need for additional chemicals. This technique has been widely used 

for deionizing water and removing heavy metal through capacitive deionization. In water, MPs are 

often stably dispersed as colloidal particles carrying surface charges, which create electrostatic 

repulsive forces that stabilize them and lead to prolonged suspension. Thus, these charged particles 

can theoretically be removed through ES. Research on the removal of colloidal particles using ES 

dates back to (Hall et al., 1987; Tobias et al., 1987), who used a flow-through ES cell with porous 

carbon electrodes to effectively remove carboxylated polystyrene and suspended aluminum 

nanoparticles. ES presents a promising technology for removing MPs, addressing the challenge of 
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low removal efficiency for smaller MPs in traditional wastewater treatment facilities. It offers  high 

removal efficiency, minimal chemical usage, and potential for electrode regeneration (Fdez-

Sanromán et al., 2024). 

 

1.2. Research Objectives 

The study aims to thoroughly investigate the environmental behavior and fate of MPs in cold 

regions, considering the influence of polymer physicochemical properties and environmental 

conditions. Additionally, it seeks to develop an advanced electrochemical treatment technology for 

the removal of MPs from water. To achieve these goals, the following objectives are outlined: 

• Investigate the impact of MP properties and environmental conditions on the entrainment 

and enrichment of MPs in ice. 

• Examine the interaction between aquatic DOM and MPs, and the role of DOM in MP 

entrainment during ice formation.  

• Assess the influence of freezing conditions on the environmental fate of MPs in aquatic 

environments.  

• Evaluate the feasibility of using ES technology for MP removal from water.  

 

1.3. Thesis Outline 

This thesis comprises seven chapters, and a brief summary of each chapter is outlined as follows: 

• Chapter 1 provides an overview of the research background, outlines the objectives, and 

presents the structure of the thesis. 
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• Chapter 2 offers a comprehensive literature review, summarizing recent studies on the 

sources of MPs, their entrainment in ice, and advancements in water treatment techniques 

for MP removal. 

• Chapter 3 presents a laboratory batch test investigating the entrainment and enrichment of 

MPs with different physicochemical properties during ice formation under various 

environmental conditions. This chapter provides insights into how different factors 

influence MP behavior during ice formation. 

• Chapter 4 examines the interaction between MPs and DOM under UV irradiation and dark 

conditions, focusing on how these interactions impact the entrainment of weathered MPs 

in ice. It also explores MP entrainment under diverse environmental scenarios. 

• Chapter 5 investigates the effects of freezing on the properties and behavior of MPs, 

characterizing MPs before and after freezing to assess how freezing influences MP behavior 

across various polymer types and environmental conditions. 

• Chapter 6 explores the interactions between electrochemical parameters and their effects 

on MP removal efficiency. Potential removal mechanisms are also examined through MP 

characterization and theoretical calculations. 

• Chapter 7 summarizes the major findings and contributions of this research, providing 

recommendations for future studies. 
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Chapter 2. Literature Review 

 

2.1. Presence of MPs in Aquatic Environments 

 

MPs are defined as plastic debris measuring less than 5 mm in size. The marine environment has 

become a significant repository of plastic waste. Despite the ban on discharging plastics from at-

sea vessels since 1988, the input of terrestrial-sourced plastics into the marine environment is 

growing rapidly due to the increasing consumption of plastic products (Jambeck et al., 2015). 

Plastic wastes with improper management can eventually enter marine environment through 

wastewater discharges, inland waterways, and transported by wind and tides. The sources of MPs 

in aquatic environments are summarized in Figure 2-1. It was estimated that 4.8 to 12.7 million 

tonnes plastics waste entered ocean in 2010 (Jambeck et al., 2015). With long-term weathering 

through physical abrasion, and chemical and biological degradation, MPs can be released from 

large pieces of plastic waste (Wang et al., 2021c; Wang et al., 2022b). In addition, MPs has been 

also widely used as additives in cleaning product, paints, sandblasting media and cosmetics 

(Jambeck et al., 2015).  

 

MPs, owing to their small size, can be ingested by lower trophic organisms, including small marine 

invertebrates. Ingested microplastics pose not only physical risks but also chemical ones, as they 

can leach plastic additives such as plasticizers and flame retardants (Wang et al., 2021a). 

Furthermore, microplastics can act as carriers for hydrophobic contaminants due to their 

hydrophobic nature (Malli et al., 2022), which can lead to the bioaccumulation of the contaminants 

in higher trophic levels of the food chain. Therefore, the accumulation of MPs in the marine 

environment poses a serious threat to both marine ecosystems and human health. 
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Figure 2-1. Sources of MPs in aquatic environments (Kye et al., 2023). 
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The abundance of MPs in marine environments varies significantly depending on location and is 

positively correlated with population density. Generally, higher concentrations of MPs are observed 

in coastal areas and estuaries compared to open ocean waters. Semi-enclosed seas, such as the 

Black Sea, Bohai Sea, and Yellow Sea in China, tend to have even higher concentrations due to 

limited water exchange with the broader ocean (Kye et al., 2023; Zhang et al., 2020). The average 

MP concentrations were 1.2 × 103 particles/m3 in November of 2014 and 0.6 × 103 particles/m3 in 

February of 2015 in Black Sea (Aytan et al., 2016). The MP concentration in Bohai Sea and Yellow 

Sea is 0.33 ± 0.34 and 0.13±0.20 particles/m3 (Sun et al., 2018; Zhang et al., 2017).  

 

The presence of MPs in freshwater environments has been studied less extensively than in marine 

ecosystems, despite the fact that freshwater systems play a critical role in the transport of MPs. The 

occurrence of MPs in freshwater is closely linked to urban areas and industrial activities. In urban 

environments, sources of MPs include particles from tire wear, fabric fibers from clothing, and 

plastic microbeads found in personal care products (Sommer et al., 2018). Additionally, weathered 

plastic waste, such as cigarette butts, plastic products, and disposable masks, contributes to the 

issue (Wang et al., 2021c). These plastic particles can enter freshwater systems through urban 

runoff or be released following treatment at sewage plants. The environmental fate of MPs in rivers 

and lakes is influenced by their physicochemical properties. Larger particles tend to either float on 

the surface or settle on the riverbed, depending on their density, while smaller particles are more 

likely to persist over the long term and be transported through water systems into marine 

environments (Liu et al., 2019). 
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2.2. Entrainment of MPs in Sea Ice 

 

For a long time, people ignored the presence of plastic and microplastics in polar regions due to 

the absence of significant human settlements or pollution sources. However, in recent years, some 

studies and field sampling have revealed the widespread occurrence of microplastics in some polar 

oceans, with concentrations even comparable to those found in densely populated areas (Kelly et 

al., 2020). MPs can be long-distance transported from heavily populated areas to remote regions 

by ocean currents, winds, and even sea ice (Figure 2-2) (Obbard, 2018). Ocean and atmospheric 

transports of contaminants have been relatively well studied, but the potential of sea ice transport 

in cold regions was recognized later (Pfirman et al., 1995). Sea ice formation is effective in 

capturing suspended particulate matter present in the water column, especially in cases where the 

particles have irregular shapes. The entrapment of sediment within the sea ice has been extensively 

observed in both laboratory experiments and field sampling (Kempama et al., 1989). However, 

sediment particles with a higher density require an additional turbulent flow to remain suspended 

in the water column, allowing them to be captured by the growing ice crystals through a process 

known as "suspended freezing" (Barber et al., 2021; Ito et al., 2019; Smedsrud, 2001). Due to their 

lower density, most polymers are easier to capture than sediment particles such as sand and silt. In 

particular, polymers such as polyethylene (PE) and polystyrene (PS) are lighter than seawater and 

can float due to their buoyancy, making them especially susceptible to being captured by sea ice. 

As a result, MPs are much more likely to be entrapped by sea ice than by sediment (Obbard, 2018). 

 

In recent years, many researchers have studied microplastics in sea ice in cold regions through 

sampling Chubarenko et al. (2022) studied the microplastics in the first-year sea ice formed in the 

Novik Bay in the Peter the Great Bay, Sea of Japan. Four ice cores with around 40 cm length were 
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sampled in February and March of 2020 to investigate the MP types, concentrations, salinity and 

their vertical distribution in the sea ice cores. The authors analyzed MPs within the size range of 

25–5000 μm and discovered that non-fiber MPs made up 81% of the total number of MPs ranging 

from 25–300 μm within the sea ice. Furthermore, they found that microplastics with sizes between 

0.3–5 mm contributed to 99.6% of the total mass of MPs. 

 

Kim et al. (2021) sampled two sea ice floes drifting in the northern part of the Chukchi Sea. The 

total MPs concentration in these two ice floes were 103 ± 267 and 5.05 ± 4.75 mg m-3
 respectively.  

However, the MPs in the snow above the sea ice floes were 18.5 ± 16.2 and 2.09 ± 4.48 mg m-3. It 

suggested that the contribution from atmospheric input to MPs in seasonal sea ice in western Arctic 

Ocean was less than 1%. 

 

von Friesen et al. (2020) explored MPs in sea ice and seawater in Svalbard and revealed that the 

MPs stored in seasonal sea ice could potentially be a primary source of water in Svalbard. They 

found that the concentration of MPs (ranging from 50 μm to 5 mm) in the sea ice of Rijpfjorden 

was two orders of magnitude greater (158 items/L) than that in seawater (7.4 items/L). The 

researchers also confirmed the release of MPs from seasonal sea ice based on their particle 

morphology. The non-fiber MPs dominated in sea water in the areas of melting sea ice, while the 

fiber MPs normally dominated in sea water. Significant amounts of sea ice originate from the 

Siberian shelves. Depending on the drift patterns of each ice floe, they traverse various regions 

within the Central Arctic Ocean, but eventually end up being transported through the Transpolar 

Drift and into the Fram Strait. 
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Figure 2-2 Long-range transport of MPs to Arctic regions (Obbard, 2018). 
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Peeken et al. (2018) investigated the MPs in sea ice cores sampled in Farm Strait and Central Arctic 

and tracked the sources of the sea ice using low-resolution ice drift and concentration products 

from passive microwave satellites (Serreze et al., 1989). The highest MPs concentration (excluding 

rayon and fibers) in sea ice was found in the pack ice and land-fast ice of Fram Strait, which were 

(1.2 ± 1.4) × 10 7 and (4.1 ± 2.0) × 10 6 items/m3. The research has demonstrated that any source 

of contamination originating from remote Arctic areas will inevitably reach the specific region of 

the Fram Strait through the sea ice transport though the length of time can be different by the 

locations of contaminant sources. 

 

Recent studies have shown that MPs have also been observed entrained in Antarctic sea ice in 

addition to the northern hemisphere cryosphere, although only a few studies have reported on this. 

Kelly et al. (2020) investigated the MPs in east Antarctic sea ice and the MPs concentration was 

11.71 items/L in the land-fast ice core. Although the concentrations of plastic in the Southern Ocean 

are lower than those found in the Arctic Ocean, it is noteworthy that the Southern Ocean is further 

away from major sources of plastic production and use. Additionally, the region experiences less 

ship traffic around the continent than Arctic waters (Obbard, 2018). 

 

2.3. Factors Affecting MPs Entrainment in Sea Ice 

 

Although the entrainment of MPs in sea ice was widely observed in global cold oceans but few 

studies have investigated the how the MPs were entrapped by growing sea ice and the potential 

influencing on this process using laboratory experiments. Geilfus et al. (2019) using mesocosm 

experiment to investigate the distribution patterns of MPs in the sea ice the potential impacts of 
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MPs on the sea ice. Different size (63 to >1400 µm) of polypropylene, polyvinyl chloride, and 

polyethylene terephthalate were mixed to simulate the MPs in the marine environment. 23 cm 

thickness of sea ice layer was frozen within 17 days experiment, and it was found that the MPs 

with large particle (>500 µm) was mainly distributed in the surface layer of the ice (0 to 1 cm). 

This can be occurred as the underlying seawater was depleted in large microplastic particles due to 

their inclusion within the ice structure during early sea ice growth. In addition, the highest MPs 

were found at the interface between sea ice and atmosphere and the MPs on the surface was not 

included in the ice structure. Although the study found that high concentrations of MPs increased 

the albedo of sea ice, it is unlikely that the concentrations of MPs present in the natural environment 

would have a significant impact on sea ice albedo. 

 

Hoffmann et al. (2020) conducted batch tests to examine the potential interactions between ice 

algae, Fragillariopsis cylindrus, and PS MP with diameter of 0.5 µm in sea ice. They discovered 

that the presence of ice algae, did not have a significant impact on the entrainment of PS MP in sea 

ice. However, they did observe a significant decrease in the number of algae cells in the sea ice 

when it was incubated with MP. Furthermore, a positive correlation was observed between the 

salinity of sea ice and the entrapment of MP within it. As the salinity of the sea ice increased from 

10 to 20 PSU, the percentage of MP within the sea ice also increased from 10% to 50%, but ice 

algae did not affect the process as well. The study also revealed that the presence of ice algae can 

effectively reduce the amount of MP that adhere to the beaker wall, because the EPS produced by 

the algae can alter the surface properties of the MP (Peeken et al., 2018). 

 

Pradel et al. (2021b) investigated the distribution pattern of MPs and nanoplastics in ice and water, 

using a cold finger to simulate the sea ice formation. The batch tests evaluated the potential effects 
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of salinity, size and shape of MPs, and natural organic matters. The results revealed that MPs were 

easier to be entrapped by the growing sea ice in comparison to nanoplastics. Nanoplastics can be 

gradually expulsed with time due to its colloidal behaviors, but MPs with larger particle size can 

be entrapped by the growing ice front. Microplastics, being relatively larger in size, are primarily 

influenced by gravity and water advection. However, in this experimental setup, the only 

significant factor affecting movement is water convection caused by differences in salinity and 

temperature, which is negligible compared with the turbulent conditions in natural environment. 

The authors summarized the behaviors of MPs and nanoplastics in the ice as shown in Figure 2-3. 

 

 

Figure 2-3. Nanoplastic and microplastic behaviors at the water/ice interface as a function of water 

composition (Pradel et al., 2021b) 

 

These studies contributed to the understanding of the enrichment and entrainment of MPs in ice 

and explained some of the factors that influence this process. However, all these studies were 

implemented in calm water, whereas water convection and turbulence can be critical factors 

affecting the behavior of suspended particulate matter in water. Flowing water can enhance the 
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suspension of particles; moreover, their hydrophobic nature causes some MPs to attach to the air 

bubbles or ice crystals that form in water under high turbulence (Smedsrud, 2001). These can be 

favorable conditions for the entrainment of MPs in ice. For instance, Kempama et al. (1989) 

demonstrated that the turbulent flow can be a crucial factor in the formation of ‘dirty ice’ caused 

by sediment entrainment. Sea ice plays a critical role in the global microplastic cycle as a temporary 

sink for these particles. However, there is a significant knowledge gap in understanding the factors 

that influence the entrainment of microplastics in ice. 

 

2.4. Removal of MPs 

 

MPs produced through human activities can enter the environment via wastewater systems. For 

instances, microbeads intentionally added to products like toothpaste and facial cleansers, as well 

as microfibers released during laundry, can be directly discharged into drains and subsequently 

enter the wastewater stream. While wastewater treatment plants (WWTPs) can partially remove 

MPs, the effectiveness of this removal varies depending on the treatment processes 

used.Unfortunately, a significant quantity of MPs still ends up in the environment through WWTP 

effluent (Prata, 2018). Studies have shown that the abundance of MPs in the effluent water from 

WWTPs can range from 0 to 447 particles per liter (Sun et al., 2019). However, there is a lack of 

specific regulations governing the discharge of MPs in wastewater, as well as efficient treatment 

methods to control their release in many regions around the world (Khan et al., 2022). 

 

The removal efficiency of MPs in typical treatment procedures in WWTPs are summarized in 

Figure 2-4. Primary treatment processes in WWTPs, such as filtration, screening, and 

sedimentation, have been effective in removing larger MPs ranging from 1 to 5 mm (Prata, 2018). 
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Additionally, methods like air flotation and flocculation have proven efficient for MP removal (Sun 

et al., 2019; Talvitie et al., 2017). However, these techniques primarily target larger MPs, leaving 

smaller particles inadequately removed (Prata, 2018). Smaller MPs are particularly concerning 

because they can be transported over long distances and more easily enter the food chain, leading 

to heightened environmental impact and potential health risks (Forte et al., 2016). Studies 

examining MPs in WWTP effluent have shown that smaller particles constitute the majority of 

those present. Over 90% of MPs in WWTP outlet water are less than 500 µm in size, with 

approximately 60% being smaller than 100 µm. This underscores the challenge of effectively 

removing smaller MPs with current treatment processes (Mintenig et al., 2017; Sun et al., 2019). 

 

Various efforts have been made to develop technologies for the removal of MPs from water using 

chemical, physical and biological methods. MPs can be physically separated from water through 

techniques such as filtration, adsorption, coagulation, and magnetic separation (Rajala et al., 2020; 

Wang et al., 2020). Chemical degradation methods include advanced oxidation processes and 

photolysis, which aim to break down MPs into small molecules or facilitate mineralization (Kim 

et al., 2022; Shi et al., 2022). Additionally, biodegradation of MPs has been studied using bacteria, 

fungi or insects capable of degrading plastics (Paço et al., 2017). However, electrochemical 

treatment approaches, commonly used in water treatment, have rarely been explored for their 

potential in MPs removal except the electrocoagulation (Chen et al., 2022a).  
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Figure 2-4. Removal efficiency of MPs in typical treatment procedures in WWTPs (Cheng et al., 

2021). 
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Chapter 3. Entrainment and Enrichment of Microplastics in Ice Formation Processes: 

Implications for the Transport of Microplastics in Cold Regions 

 

3.1. Materials and Methods 

 

3.1.1. Chemicals and Materials 

Because the physical and chemical properties of plastics have a dominant role in the environmental 

behavior of MPs, three different plastic materials each in two different mean particle size ranges 

were used in this experiment. Polyethylene (PE) with mean particle sizes ranging from 8.0 to 10.0 

µm (PE-1) and from 20.0 to 25.0 µm (PE-2) were obtained from Micro Powder Inc. (New York, 

USA). Polytetrafluoroethylene (PTFE) with mean particle sizes of 6.0 to 9.0 µm (PTFE-1) and 

20.0 µm (PTFE-2), and Polymethylmethacrylate (PMMA) with mean particle sizes of 6.0 µm 

(PMMA-1) and 15.0 µm (PMMA-2) were obtained from Goodfellow Cambridge Ltd. (Huntingdon, 

UK). Other chemicals needed for the experiment, including Tween 20 and sodium chloride (NaCl), 

were obtained from Millipore Sigma (Oakville, Canada). 

 

A dispersion of 10 mg/L MP was prepared by adding 15 mg of MPs to 1.5 L deionized water (DI) 

in a 1.8 L beaker. Next, a 150 µL tenfold dilution of Tween 20 solution was added to achieve 0.001% 

v/v concentration to prevent the MPs from agglomeration. To avoid the possible influence of 

natural particles present in seawater on the measurement of MPs in the water, the salinity levels 

were controlled by adding NaCl instead of sea salt. Three salinity levels were considered in this 
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study: 0, 10, and 34 practical salinity units (PSU). The mixtures were homogenized at 13000 rpm 

for 20 min using an ULTRA-TURRAX High-Speed Homogenizer (IKA, Germany). The prepared 

dispersion was immediately dispensed into small beakers for subsequent experimentation. 

 

3.1.2. Ice Formation Experiment 

A 175 mL sample of water containing a 10 mg/L MPs dispersion was added to a 250 mL beaker. 

The side walls and bottom of the beakers were covered by foam rubber insulation to prevent ice 

forming on the walls. Turbulence was simulated using a magnetic stirrer, with the ice formation 

being simulated under different stirring speeds (0, 250, 500, 750, 1000, and 1250 rpm). Various 

modeling approaches have been used for exploring environmental issues (Schuster-Wallace et al., 

2022; Wang et al., 2022c; Yao et al., 2022). A computational fluid dynamics (CFD) simulation was 

implemented to calculate the energy dissipation rates (ε) in beakers at different rotation speeds of 

the magnetic stirrer (representing varying levels of turbulence intensity in the natural environment). 

Ansys CFX (Ansys, US) was employed to conduct the simulation. A 3D model was built to simulate 

the turbulence conditions in the beakers used in batch experiments. The inner diameter of beaker 

is 64.0 mm. The length and width of magnetic bar are 30.0 and 7.0 mm respectively. The height of 

the modeling area is equal to the water surface and ensures a total water volume of 175 mL. The 

simulation was based on standard k-ε model. The rotation area of magnetic bar was set as the 

rotating domain and the wall of beaker was set as stationary domain. The boundary condition of 

top surface of the modeling area was set as open boundary with atmospheric pressure. The wall 

and bottom of the beaker were set as non-slip boundary condition. Frozen rotor approach was used 

for the interface of stationary and a rotating domain. The size of time step is 0.1 s and total time 
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step is 50 in this simulation. The energy dissipation rate at different rotation speeds in beakers was 

simulated using CFD, with the results presented in Figure 3-1and Table 3-1. 

 

The beakers and magnetic stirrers were placed in an EPL-2H Platinous Series Temperature 

Humidity Chamber (ESPEC, Japan) at -10 °C for 3 h to simulate the ice formation process. After 

3 h of freezing, the ice that had formed and the remaining water were carefully separated into 

different beakers. The beakers were then sealed and stored at room temperature (20 °C) for 12 h to 

allow them to reach ambient temperature prior to measurement. Each experimental condition was 

repeated twice. The volume concentration of MPs was measured using laser in situ scattering and 

transmissometry (LISST-200X, Sequoia Scientific, Bellevue, USA), which is capable of measuring 

particles in the size range of 1 to 500 μm. The enrichment factor of MPs (𝐸𝐹𝑀𝑃) could thus be 

determined using the measured MP concentrations in ice (𝐶𝑖𝑐𝑒) and water (𝐶𝑤𝑎𝑡𝑒𝑟) by employing 

the following equation: 𝐸𝐹𝑀𝑃  =  𝐶𝑖𝑐𝑒/𝐶𝑤𝑎𝑡𝑒𝑟. 
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Figure 3-1. The distribution of energy dissipation rate at (a) 250, (b) 500, (c) 750, (d) 1000, and 

(e) 1250 RPM. 

 

 

Table 3-1. Rotation speed and corresponding energy dissipation rate in beakers. 

Rotation speed (rpm) Energy Dissipation Rate, ε (m2/s3) 

 Average Maximum Minimum 

250 2.45 × 10-3 1.17 4.09 × 10-8 

500 1.81 × 10-2 14.92 4.61 × 10-7 

750 6.08 × 10-2 67.88 1.95 × 10-6 

1000 0.15 200.83 5.64 × 10-6 

1250 0.27 444.31 7.97 × 10-6 
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3.1.3. MP Characterization 

The water contact angle (WCA) of the MPs, meanwhile, was measured using an AST video contact 

angle system (Billerica, USA) to assess the wettability of the MPs. The MP powder was fixed on 

the glass slide using double-sided tape, and a 5 μL DI water was then dropped on the surface of the 

solid sample. The embedded software was able to automatically fit an ellipsoid to the curve of the 

sessile water droplet and determine the contact angles. The respective mean particle size and 

particle size distribution of the MPs in water and ice were also measured, employing the LISST-

200X and using the laser diffraction method. The zeta potentials of the prepared MP dispersions 

were measured using a Malvern Zetasizer Nano ZS (Malvern, UK). For each measurement, the MP 

dispersion was fully homogenized (by shaking and ultrasonic bath) prior to reading. Standard 

deviation was used to describe all error bars appearing in the enclosed figures of this study. 

 

3.1.4. Statistical Analysis 

An unpaired t-test was used to compare the enrichment factors and mean particle sizes of the two 

groups of samples to determine whether there was a significant difference. Meanwhile, a paired t-

test was implemented to identify the variation in mean particle size between water and ice. 

Spearman correlation analysis was performed to identify the relationship between entrainment 

behavior of MPs and plastic properties and environmental factors. It should be noted that 

Spearman's rank correlation coefficient, ρ, nonparametrically measures the strength and direction 

of a relationship between two variables. Redundancy analysis (RDA), meanwhile, was used to 

study the relationship between environmental variables and MPs entertainment in ice.  
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3.2. Results and Discussion 

 

3.2.1. Microplastic Entrainment and Enrichment during Ice Formation 

The entrainment and enrichment of MPs in ice in the cold ocean have been reported. Some studies 

have explored the potential mechanisms underlying such process, but there is still relatively little 

known about these phenomena. In addition, seasonal ice can function as an important transport 

medium and temporary sink for MPs in the freshwater environment as well. For rivers, lakes, or 

estuaries in densely populated areas, the enrichment of MPs in the ice can be an important 

environmental process concerning the fate of MPs, and to the authors’ knowledge ours is the first 

study to investigate it. The entrainment of different MPs in the calm freshwater as observed in our 

study are shown in Figure 3-2a. As can be seen, the enrichment factor was not significantly affected 

by the particle size of the MPs in the cases of PE and PTFE. The enrichment factors of PE-1, PE-

2, PTFE-1, and PTFE-2 were found to be 0.79 (± 0.20), 0.77 (± 0.32), 1.79 (± 0.17), and 1.76 (± 

0.56), respectively. In fact, for both PE and PTFE, the difference in the plastic materials had a 

greater effect on the ice entrainment in the calm freshwater than did the particle size. However, for 

PMMA, the sample with a larger particle size showed a higher enrichment in ice in comparison to 

the sample with a smaller particle size. The enrichment factors were 1.64 (± 0.16) and 3.82 (± 1.88) 

for PMMA-1 and PMMA-2, respectively.  

 

The difference in the ice entrainment of different types of MPs in calm water can be explained by 

their respective colloidal behavior. Pradel et al. (2021b) investigated the transport behaviors of 

polystyrene nanoplastics and microplastics in freezing saltwater. They found that nanoplastics were 

expelled much more rapidly from ice over time compared to larger-sized microplastics. The 
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difference can be attributed to the stability of the dispersion system; non-colloidal particles can 

more easily become entrapped by the growing ice front. The zeta potential of the dispersions with 

different MPs was shown in Figure 3-2b. The zeta potentials of PE-1 and -2 dispersion were -50.5 

(± 4.2) and -42.8 (± 11.2) mV, respectively, indicating physical stability of the dispersion. In 

comparison, the zeta potentials of PTFE-1, PTFE-2, PMMA-1, and PMMA-2 were -24.5 (± 0.8), -

16.1(± 0.7), -20.0 (± 0.7), and -16.6 (± 3.0), respectively, showed unstable systems. As can be seen, 

these zeta potentials followed a similar trend to the rate of MP enrichment in ice. The relatively 

high zeta potentials of PE dispersion resulted in low MP enrichment. 

 

The particle size distribution and mean particle size of MPs in water and ice are presented in Figure 

3-2c and Figure 3-2d. Although the enrichment factor for PE and PTFE were not significantly 

affected by the particle size, a different particle size distribution in water versus in ice was observed 

for both PE-2 and PTFE-2. Interestingly, the particle size changes of these two MPs in ice and 

water after freezing were exactly opposite. The mean particle size of PE-2 in ice and water was 

24.0 (± 0.2) and 17.9 (± 1.4) µm, respectively, whereas the corresponding values for PTFE-2 were 

15.3 (± 1.0) and 20.2 (± 0.5) µm, respectively. The results demonstrated that larger-sized PE 

particles and smaller-sized PTFE particles were more prone to being entrapped by ice formed under 

calm water conditions. However, for the other MPs, there was not a significant difference in the 

particle size of the MPs in ice and compared to the MPs in water. These behaviors are largely 

governed by the properties of MPs. For instance, the sinking/floating of MPs can be controlled by 

various factors, such as particle size, wettability, and density. Although  
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Figure 3-2. (a) Enrichment factors of MPs in ice formed in calm freshwater. (b) WCA and Zeta 

potential of MPs dispersion. (c) Mean particle size and (d) particle size distribution of MPs in ice 

and water. ‘*’ represented the significant difference with p < 0.05 between two groups. 
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PTFE has a density higher than that of water, its relatively small particle size means this MP can 

remain in suspension for a longer period of time than the MP with larger particle size. In addition, 

its strong hydrophobicity causes PTFE to tend to adsorb at the water–air interface. As shown in 

Figure 3-2b, PTFE has the strongest hydrophobicity among the three polymers considered in this 

study. The WCAs of PTFE-1 and PTFE-2 were found to be 152.2° (± 1.8°) and 149.5° (± 2.4°), 

respectively. On the other hand, the behavior of particles with larger particle sizes in water is more 

easily controlled by gravity (Khatmullina and Isachenko, 2017). These factors combine to result in 

smaller mean particle size of PTFE in ice than in water. Similarly, the larger particle size of PE-2 

means that the behavior of this MP in water is largely governed by the weight. In other words, the 

low density of PE (0.97 g/cm3) makes it easier for larger particles to float to the water surface and 

become trapped by ice. 

 

3.2.2. Role of Turbulence Intensity in Microplastic Entrainment during Ice Formation 

Turbulence intensity plays a critical role in the ice entrainment of suspended particles during the 

ice formation process. The previous section discussed the ice entrainment behaviors of MPs under 

calm water. However, the level of turbulence in natural water bodies can vary and is often 

influenced by variable weather conditions (Oziel et al., 2019; Voermans et al., 2019). Field 

sampling and laboratory studies have demonstrated that turbulence is an essential condition under 

which for "suspension freezing" to form sediment-laden ice (Barber et al., 2021; Ito et al., 2019; 

Smedsrud, 2001). In our study, the effect of turbulent flows on ice entrainment of MPs was 

investigated by simulating different turbulence intensities in laboratory microcosm beakers. The 

energy dissipation rate, ε, was the indicator used to measure turbulence intensity. The energy 

dissipation rate at different rotation speeds in beakers was simulated using CFD, with the results 
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presented in Figure 3-1 and Table 3-1. As can be seen, the average energy dissipation rates at 

rotation speeds of 250, 500, 750, 1000, and 1250 rpm were found to be 2.4 × 10−3, 1.81 × 10−2, 

6.08× 10−2, 0.15, and 0.27 m2/s3, respectively. Turbulence in the surface layer of ocean is caused 

by the wind, wave breaking, buoyancy forcing, interactions between waves and turbulence, and 

Langmuir circulation (Ardhuin and Jenkins, 2006). The turbulence intensity in ocean ranges from 

10-10 to 10-1 m2/s3 depending on the weather and location (Iyer et al., 2021). This implies that the 

turbulence intensity simulated by the magnetic stirrer in this study was reasonably representative 

of the conditions typical of natural water bodies. 

 

The enrichment factors of MPs under different turbulence intensities are demonstrated in Figure 

3-6. It was found that the entrainment behavior of MPs was significantly influenced by the 

turbulence intensity, with the trend varying depending on the type of MP. The two hydrophobic 

MPs—PE and PTFE—had similar trends, although the enrichment factors were different. In 

specific, the enrichment factors were overall positively correlated with turbulence intensity for both 

PE and PTFE. The enrichment factor of PE-1 was relatively stable (ranging from 0.79 to 1.00) at 

rotation speeds of 0 to 750 rpm, but increased dramatically at rotation speeds beyond this threshold. 

For instance, the enrichment factors at 1000 and 1250 rpm were 1.70 (± 0.03) and 2.82 (± 0.14), 

respectively. A similar trend was observed for PTFE-1, although the enrichment factors were higher 

overall than in the case of PE-1. The enrichment factors of PTFE-1 at 1000 and 1250 rpm were 

2.86 (± 1.10) and 4.69 (± 1.06), respectively. An interesting finding was that, at high turbulence 

intensity, both PE-2 and PTFE-2 were more strongly enriched in ice than were PE-1 and PTFE-1. 

The enrichment factors of PE-2 and PTFE-2 were 7.14 (± 0.04) and 16.92 (± 1.44), respectively. 
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This finding underscores the importance of particle size for the entrainment of MPs in ice forming 

under high turbulence. 

 

The enrichment factors of PE-1 and PE-2 were significantly different at 250 rpm versus at 500 rpm, 

whereas a disparity at different rotation speeds was not observed in the case of PTFE MP. This, too, 

can be attributed to the difference in density between these two polymers. In calm water, the low 

density of PE made it easier for relatively large particles to float on the surface compared to smaller 

particles. However, the presence of turbulence made it difficult for these larger MP particles to stay 

afloat by buoyancy (and thus also to be captured by ice forming at the water surface). This results 

in a lower enrichment factor for PE-2 at low turbulence intensity (250 and 500 rpm) relative to the 

calm water. 

 

The two hydrophobic MPs—PE and PTFE—had a high enrichment factor at both 1000 rpm and 

1250 rpm. The formation of frazil ice was also observed at these rotation speeds, as shown in Figure 

3-3c and 3-3f) suggesting a correlation between the entrainment of these hydrophobic MPs and 

frazil ice. Frazil ice, it should be noted—which is the collection of randomly oriented ice crystals 

in the form of small disks, dendrites, or needles—can form in turbulent open water (Figure 3-4 and 

Figure 3-5). The ice crystals forming at the water surface due to heat loss can become vertically 

mixed in the turbulent flow, overcoming their buoyancy. The frazil ice forming in supercooled and 

turbulent water can thus be a very important medium for the removal of suspended particulate 

matter from the water column. Ice crystals can attach to particles and carry them to the surface by 

buoyancy. The entrapment of sediment by frazil ice has been widely reported and proven by field 

sampling, laboratory experiments, and model simulation (Dethleff and Kempema, 2007; Smedsrud, 
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2001, 2002). With respect to our study, it was also observed that a large amount of air bubbles 

became frozen into the ice at high turbulence (Figure 3-3f). Given that air bubbles forming at high 

turbulence can capture and carry hydrophobic MPs to the surface through enhanced buoyancy, the 

combined effect of air bubbles and frazil ice significantly increased the enrichment of hydrophobic 

MPs in the ice under high turbulence. 

 

PMMA, as a hydrophilic plastic material, has a completely different entrainment behavior than the 

two hydrophobic plastics studied as ice forms under turbulent flows. In our study, both PMMA-1 

and PMMA-2 showed higher enrichment factors in calm water compared to in flowing water, 

whereas high turbulence intensity significantly enhanced the enrichment for the two hydrophobic 

MPs (as described above). The enrichment factors for PMMA-1 and PMMA-2 at 0 rpm were 1.64 

(± 0.16) and 3.82 (± 1.88), respectively, while at rotation speeds ranging from 250 to 1250 rpm, 

the enrichment factors ranged from 0.42 to 0.87 and from 0.67 to 1.27, respectively. Moreover, 

larger particle sizes of PMMA showed a higher rate of ice entrainment at both 0 and 250 rpm 

compared to smaller particle sizes of PMMA. These findings strongly indicate that MP 

characteristics such as particle size, density, and hydrophobicity play important roles in the 

entrainment and enrichment of MPs in ice. 
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Figure 3-3. Ice formed by freshwater at (a, d) 0, (b, e) 500, and (c, f) 1000 RPM. 
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Figure 3-4. Ice formed by 10 PSU saline water at (a, d) 0, (b, e) 500, and (c, f) 1000 RPM. 
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Figure 3-5. Ice formed by 34 PSU saline water at (a, d) 0, (b, e) 500, and (c, f) 1000 RPM. 
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Figure 3-6. Enrichment factor of (a) PE, (b) PTFE, and (c) PMMA, in ice under different 

turbulence intensities. ‘*’ represented that the difference in enrichment factor between two MPs 

was significant (p < 0.05) at corresponding rotation speed. 
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3.2.3. Effect of Salinity 

Salinity can be highly variable in the marine environment, especially in estuaries, where freshwater 

mixes with seawater to create brackish water, leading to a salinity gradient whereby salinity can 

range from 0.5 to 34 PSU. The salinity in estuary water can also vary due to daily tides, weather 

conditions, and other factors (Telesh and Khlebovich, 2010). Variations in the salinity of water can 

result in different behaviors of MPs. For instance, a difference in salinity can slightly alter the 

density of the water, thus affecting the buoyancy of the MPs (Malli et al., 2022). The increase in 

ionic strength also destabilizes and accelerates the settling of MPs as they enter the saline water 

(Feng et al., 2022b). In addition to changing the behavior of MPs, the salinity in water can affect 

the formation of ice. For instance, salinity can lead to changes in the texture of formed ice due to 

brine rejection. The ice naturally rejects salty water when the water freezes, and the brine water 

drains through narrow brine channels that weave through the ice. The difference in the ice structure 

can significantly affect the entrainment of MPs. Therefore, this study explored the effects salinity 

on the ice entrainment of MPs under different turbulences. Three saline levels—0, 10, and 34 

PSU—were simulated by adding NaCl to DI water. The results are shown in Figure 3-7. 

 

As the results show, salinity can have opposite effects on MP enrichment depending on the rotation 

speed. The salinity increased the enrichment factors for all MPs in calm water (although the 

difference was not statistically significant for some MPs). Changing salinity also affects ice 

formation and MP behavior, leading to an increase in enrichment factors. As has been noted in the 

literature, the increased density and surface tension of water due to salinity can be favorable 

conditions for the buoyancy of MPs (Malli et al., 2022). In our study, ice crystals formed below the 

ice cover in the calm saline water, whereas this phenomenon was not observed in freshwater, as 
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shown in Figure 3-3a and Figure 3-5d. The concentrated brine with high density and low 

temperature were expelled from the ice, creating ice crystals when contacting the surrounding water. 

Moreover, the brine channel and brine pockets forming due to brine rejection led to sea ice having 

a porous and permeable structure. In our study, as shown in Figure 3-3, Figure 3-4, and Figure 3-5, 

the ice forming in calm saline water was less transparent in comparison to that forming in 

freshwater due to the formation of a brine network in the former case. As noted in the literature in 

this regard, MPs in ice tend to be pushed into brine channels due to their hydrophobic nature; in 

this manner, the brine channels can temporarily trap the particles until further redistribution during 

freeze/thaw cycles (Chubarenko, 2022). 

 

Brine networks present in sea ice facilitate the exchange of MPs between ice and water. In this 

regard, batch experiments conducted in calm seawater as part of a recent study have suggested that 

the MPs in sea ice can be gradually expulsed from ice and transferred to water (Pradel et al., 2021b). 

MPs of a larger particle size exhibit a lower expulsion rate, suggesting that larger MPs are more 

prone to becoming stuck in the brine channels in sea ice. The electrostatic screening effects of salt 

lead to the agglomeration of MPs, thus hindering the expulsion of MPs from the brine channels of 

sea ice (Peydayesh et al., 2021). 

 

However, the enrichment factor in saline water was reduced with the introduction of turbulent flows 

for all of the MPs studied, as shown in Figure 3-7. At the same time, a large amount of frazil ice 

was observed in the flowing saline water. Contrary to the results in the freshwater environment, in 

the case of saline water the formation of frazil ice was not accompanied by enhanced entrainment 

of hydrophobic MPs. This is attributable to the different characteristics of frazil ice in saline water 
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and compared to in freshwater. In this study, the formation of frazil was observed with the 

introduction of rotation, although the frazil ice generated differed in structure at different salinities 

and rotation speeds. The formation of frazil ice was observed at high turbulence (1000 and 1250 

rpm) in freshwater. Only clear columnar ice was generated in calm water and water with a low 

rotation speed. At a high rotation speed, meanwhile, frazil ice was generated below the columnar 

ice. The ice crystals adhered to one another and attached to the ice cover, as shown in Figure 3-3c. 

The formation of frazil ice was more readily observed in saline water. A large amount of frazil ice 

was generated when the rotation speed exceeded 500 rpm at both 10 and 34 PSU. This was 

presumably due to the favorable effect of salinity on the generation of frazil ice (Ushio and 

Wakatsuchi, 1993). However, as noted in the literature, frazil ice forming in saline water has lower 

adhesiveness and cohesiveness than that produced in freshwater, meaning that the ice crystals 

forming in flowing saline water tend to remain a loose collection of crystals rather than congealing 

(Barrette, 2021). In our study, the loose structure of the frazil ice in saline water allowed for the 

exchange of MPs between ice and water. The entrained MPs were expelled, leading to the low 

enrichment factors of MPs in both the 10 and 34 PSU samples under high turbulence (compared to 

in the freshwater samples).  
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Figure 3-7. The enrichment factors of (a) PE-1, (b) PE-2, (c) PTFE-1, (d) PTFE-2, (e) PMMA-1, 

and (f) PMMA-2 in ice with different turbulence intensities. 
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3.2.4. Effect of Microplastics Properties 

Effect of wettability 

MP characteristics are the primary determinant of an MP’s environmental behavior and of its fate 

in water. The results of this study demonstrate that the entrainment and enrichment in ice of the 

MPs under study varied considerably depending on the properties of the given MP. PTFE has a 

density of 2.20 g/cm3 and is considered non-buoyant in water. In contrast, PE has a density of 0.97 

g/cm3, and is relatively buoyant in water. However, the enrichment factor of PTFE was found to be 

significantly higher than that of PE MPs of a similar particle size and at the same rotation speed, 

even in calm water, as shown in Figure 3-6. Ideally, PTFE MPs will sink to the bottom in a calm 

water due to the effects of gravity and non-buoyancy and will not become entrapped by the ice 

forming on the water surface. However, due to their high hydrophobicity and low surface free 

energy, suspended MPs at the water surface can be held there by surface tension (Anderson et al., 

2018). 

 

In calm water and under freezing temperature conditions, columnar ice forms at the water surface 

and gradually grows downward due to heat diffusion. Therefore, the dissolved gas in water cannot 

be expelled to the ambient environment during the process of ice formation, but instead forms air 

bubbles in the freshwater ice, as shown in Figure 3-3a. However, the air bubbles were not observed 

in the ice formed by saline water. It has been reported in the literature that the entrainment of MPs 

in ice is associated with the air bubbles in ice because the hydrophobicity and icephobicity of the 

MPs cause them to be pushed out into the air bubbles (Chubarenko, 2022). Meanwhile, it has also 

been noted that air bubbles in the water are more likely to be attracted to more hydrophobic MPs 

(Wang et al., 2021b). The higher enrichment of PE-2 and PTFE-2 in calm water compared to under 
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low rotation speeds (250 and 500 rpm) observed in our study could be attributable to this 

phenomenon. In other words, flowing water carried away the gas and prevented the formation of 

gas bubbles in the ice. As shown in Figure 3-3b, there were no air bubbles visible in the ice that 

formed at 500 rpm. The hydrophobic MP particles lacked the air bubbles for attachment at 250 and 

500 rpm, which may have led to their entrapment in the ice being inhibited. 

 

However, the hydrophilic MP, PMMA, exhibited a different behavior under the influence of 

turbulence, this being attributable to the hydrophilic surface of PMMA. Hydrophobicity of particles 

in water, it should be noted, can be a critical factor in ice nucleation, which is the beginning of the 

ice formation process (Fitzner et al., 2015). The lower energy barrier means that ice crystals can 

more easily nucleate on hydrophilic surfaces compared to on hydrophobic surfaces (Alizadeh et al., 

2012; Zhao et al., 2020). Accordingly, ice crystals are able to grow on the hydrophilic surface of 

PMMA, in turn leading to PMMA becoming highly enriched in ice forming in calm water as shown 

in Figure 3-7e and Figure 3-7f. In this regard, Liu et al. (2017) used fluoroalkyl silane samples with 

different fluorine concentrations to modify the surface of different materials in order to study the 

effect of wettability on ice growth patterns. Their results showed that the ice crystal growth pattern 

changed from on-surface growth to off-surface growth when the WCA of the smooth surface was 

larger than 32.5° (Liu et al., 2017). Their finding suggests that ice crystals may not adhere strongly 

enough to the PMMA surface under strong water advection conditions. This could explain the 

decrease in the enrichment factor of PMMA observed in our study when the rotation was introduced 

during the ice formation process. 
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Effect of particle size 

The entrainment and enrichment behaviors of MPs can also be influenced by the particle size. In 

our study, the PE and PTFE samples of larger particle size showed significant increases in the 

enrichment factor under high turbulence (1250 rpm), while PMMA-2 exhibited higher enrichment 

in calm water than in turbulent water. The relationship between entrainment behavior and particle 

size in ice has been observed in other studies. Nano-size plastics can have more significant colloidal 

behaviors in water, whereas MPs of a larger particle size are more susceptible to the effects of 

gravity and water advection (Pradel et al., 2021b).  

 

The high concentration of air bubbles present in highly turbulent water is also more likely to entrain 

these larger particles (Yuan et al., 2022). Moreover, a study on the interaction between air bubbles 

and MPs showed that larger particle size can lead to a higher removal rate of MPs through air 

flotation (Swart et al., 2022). Another study evaluating the froth flotation of MPs similarly 

demonstrated that MPs of a larger particle size and higher density exhibit a higher flotation rate 

(Zhang et al., 2021). This further explains the differences in enrichment factors for different particle 

sizes of PE and PTFE observed in our study. 

 

The difference in mean particle size of MPs in ice versus in water can be used to demonstrate the 

effect of particle size on MP entrainment. The mean particle sizes in ice versus in water of the 

different MPs under study in our experiments at 0, 10, and 34 PSU are shown in Figure 3-8. As can 

be seen, the mean particle size of the MPs entrained in ice was significantly larger than that of the 

MPs remaining in the water for all of the samples except the PTFE-2 at 0 PSU, the PMMA-1 at 0 

PSU, and the PMMA-2 at all salinities.  
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Figure 3-8. Box plots showing mean particle size of MPs in ice and water for (a) PE-1, (b) PE-2, 

(c) PTFE-1, (d) PTFE-2, (e) PMMA-1, and (f) PMMA-2 at 0, 10 and 34 PSU. 
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This suggests that the particles of a larger size more easily became trapped in the ice. In addition 

to the effect of air bubbles in water, the formation of frazil ice can be another important factor 

leading to the increase in mean particle size of MPs entrained in ice. Frazil ice can aggregate with 

suspended particles and transport them to the surface through buoyancy. Compared with the two 

hydrophobic MPs, the hydrophilic PMMA had no significant difference in mean particle size 

between ice and water. These results suggest that the entrainment of MPs in ice was governed by 

these polymer properties acting in concert. 

 

3.2.5. Correlation and Redundancy Analysis of Factors Influencing MP Enrichment in Ice 

Correlation analysis and RDA were implemented to further explore the significant factors affecting 

MP entrainment in ice, with the results presented in Figure 3-9. In addition to enrichment factor, 

particle size ratio, defined as the ratio of mean particle size in ice to that in water for the purpose 

of this study, was considered in investigating the difference in particle size in ice versus in water. 

The results of the correlation analysis show that the characteristics of MPs had a significant effect 

on both particle size ratio and enrichment factor. The enrichment factor was positively correlated 

to the mean particle size, WCA, and density of MPs, with ρ-values of 0.33 (p < 0.001), 0.53 (p < 

0.001), and 0.37 (p < 0.001), respectively. Meanwhile, particle size ratio was positively correlated 

to rotation speed, mean particle size, and WCA of MPs, with ρ-values of 0.14 (p < 0.05), 0.21 (p < 

0.01), and 0.54 (p < 0.001), respectively. Similarly, the RDA showed that WCA, density, mean 

particle size, and rotation speed contributed to 60.4%, 15.9%, 10.0%, and 9.5% of explained 

variations, respectively, but that the proportion of variations explained by salinity was not 

statistically significant (p > 0.05). This is attributable to the fact that the influence of salinity on 

entrainment behavior can vary depending on the type of MP. 
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Figure 3-9. (a) Correlation analysis of MPs entrainment in ice and environmental and MPs 

characteristics (‘*’: p < 0.05; ‘**’: p < 0.01; ‘***’: p < 0.001). (b) The ordination plot showing the 

relationship between MPs entrainment behaviors in ice (blue arrows) and environmental and MPs 

characteristics (red arrows) based on RDA analysis. (c, d, e) The ordination plots with selected 

samples at 0, 10, and 34 PSU. 
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RDA was implemented for 0, 10, and 34 PSU in order to observe various environmental factors in 

terms of the responses at different salinity levels. The ordination plots are provided to present the 

results of the RDA as shown in Figure 3-9(c, d, e). The arrows in the ordination plots of RDA 

indicate the direction of the steepest increase of the corresponding parameter. The projection of the 

response arrow onto the line that is overlaid by the environmental variables arrow can roughly 

explain the correlation between environmental factors and response; the further the projection point 

is from the coordinate origin, the stronger the correlation is between the two variables. (Chen et al., 

2021) Both rotation speed and WCA were found to be positively correlated to enrichment factor 

and particle size ratio at 0 PSU, with these two variables accounting for 52.9% and 28.3%, 

respectively, of total explained fitted variation. WCA and rotation speed were also the two most 

significant variables at 10 PSU, with these two factors accounting for 40.9% and 35.1%, 

respectively, of total explained fitted variation. However, the effects were completely different at 

0 PSU. WCA was positively correlated to particle size ratio, but there was no discernible 

relationship between WCA and enrichment factor at 0 PSU; in reference to Figure 3-9d, the angle 

between the two arrows is almost a right angle. In addition, the enrichment factor was negatively 

associated with rotation speed at 10 PSU, which was the opposite of what was observed at 0 PSU. 

Moreover, compared to at 10 PSU, particle size ratio was more positively related to mean particle 

size at 34 PSU. Density, mean particle size, and rotation speed explained 41.5%, 27.1%, and 21.4%, 

respectively, of total explained fitted variation. The results of these statistical analyses demonstrate 

that the entrainment and enrichment of MPs in ice were governed by the MP properties and 

environmental factors acting in concert. In other words, the same MPs can exhibit completely 

different entrainment behaviors under different environmental conditions (e.g., salinity, turbulence 
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intensity). For example, the entrainment of PE and of PTFE in ice was enhanced by salinity in calm 

water but was inhibited by salinity when turbulent flows were introduced. 

 

3.2.6. Environmental Implications 

Low temperatures can cause plastics to become more mechanically brittle, and ice formation and 

motion can pose mechanical impacts on plastics; both of these factors accelerate the fragmentation 

of plastics (Chubarenko, 2022). The transport of MPs in cold regions can be a critical pathway 

affecting their fate. The strong enrichment of MPs in sea ice has been observed in global cold 

regions, but there is a gap in the literature with respect to the possible mechanisms. This study 

explored the effects of MP properties and environmental factors on the entrainment and enrichment 

of MPs in ice, in particular considering the effects of turbulent flows, which have been proven to 

be an important condition for the entrainment of sediment during ice formation. Frazil ice forming 

in turbulent and supercooled conditions can aggregate with suspended particulate matter and carry 

it to the water surface through buoyancy. In our study, it was found that the effect of turbulence on 

the entrainment of MPs can vary considerably depending on the type of MP and the environmental 

conditions. High rotation speed in freshwater distinctively enhanced the entrainment of 

hydrophobic MPs in ice, this being attributable to the combined effects of frazil ice and air bubbles. 

The hydrophobic nature of these MPs caused them to attach to the water/air or water/ice interface. 

Thus, the MPs moved to the water surface due to enhanced buoyancy and were captured by growing 

ice. However, in saline water, high turbulence inhibited the entrainment of all MP types under study. 

The ice crystals formed a loose structure in saline water instead of congealing, and this allowed the 

exchange of MPs between ice and water, leading to the rapid expulsion of MPs from the ice. The 

enrichment factors of all the MPs under study increased in calm saline water compared to in calm 
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freshwater. Ice formed in nearshore environments with high concentrations of MPs may serve as a 

carrier for transport of microplastics, temporarily storing and transporting them to remote areas. 

The entrapped MPs in ice may result in their redistribution in the marine environment and affect 

their interaction with marine biota. For example, MPs entrained in ice may interact with ice algae 

present in sea ice (Hoffmann et al., 2020). The production of EPS by ice algae can change the 

surface properties of MPs and affect how they become entrained in ice.  

 

MPs can undergo a variety of physical and chemical aging phenomena in the natural environment 

that alter their surface properties. The surface properties of MPs can also be changed by biofilm 

caused by microbial colonization and natural organic matter. It should also be noted that this study 

only considered MP distribution in the early stages of ice formation. The ice-trapped MPs may be 

redistributed through various means, including brine networks in sea ice or the freeze-thaw cycle. 

These can be important factors influencing the behavior of MPs in ice. Overall, the entrainment 

and enrichment of MPs in ice can be critical pathways affecting their fate in cold regions, but 

knowledge in this field is limited at present, and thus further exploration is warranted.  
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Chapter 4. Role of Aquatic Dissolved Organic Matter in the Entrainment of Microplastics 

under Freezing Conditions 

 

4.1. Materials and Methods 

 

4.1.1. Chemicals and Materials 

In the present study, two different types of polymer materials, polyethylene (PE) with a density of 

0.97 g/cm3 and polymethylmethacrylate (PMMA) with a density of 1.19 g/cm3, were employed, 

representing the hydrophobic and hydrophilic MPs, respectively. PE samples with average particle 

sizes spanning from 8.0 to 10.0 µm (PE-1) and from 20.0 to 25.0 µm (PE-2) were acquired from 

Micro Powder Inc. (New York, USA). PMMA samples with mean particle sizes of 6.0 µm (PMMA-

1) and 15.0 µm (PMMA-2) were obtained from Goodfellow Cambridge Ltd. (Huntingdon, UK). 

Humic acid sodium (HA) purchased from Sigma-Aldrich (Oakville, Canada) was used to simulate 

the effects of aquatic DOM. To eliminate the potential effects of any insoluble impurities in HA, 

on the measurement of MPs, the HA was dissolved in deionized (DI) water and then filtered using 

a 0.45 μm filter paper. The resulting solution was then subjected to a vacuum oven at 30 °C to 

prepare the HA solid used for the further experiments. Additional chemicals required for the study, 

such as Tween-20 and sodium chloride (NaCl), were likewise procured from Sigma-Aldrich 

(Oakville, Canada). 
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4.1.2. Interaction Experiment of Aquatic DOM and MPs 

500 mg of MPs were combined with 200 mL of a 20 mg/L HA solution to create a mixed sample 

of MPs and HA. To explore the interactions between aquatic DOM and MPs under light and dark 

conditions, these prepared samples were subjected to UV radiation and dark conditions respectively. 

The samples that interacted with HA under UV radiation were accommodated in a UV chamber. 

This chamber was calibrated to emit UV light at a wavelength of 302 nm, with an intensity of 20 

mW/cm², radiating from a position 5 cm above the liquid surface. In order to compensate for 

evaporation during the process, the samples in the UV chamber were periodically topped up with 

DI water, and also manually shaken twice a day. In parallel, identical samples were placed in a 

shaker under dark conditions, with the shaker set to a speed of 250 rpm. After different interaction 

durations (7, 14, and 28 days), the samples were removed from their respective environments. The 

samples taken out at 7, 14, and 28 days in the UV chamber were labeled as UV7, UV14, and UV28, 

respectively. The samples subjected to the dark conditions were labeled as HA7, HA14, and HA28. 

MP samples after interaction experiments were isolated from the mixture by passing them through 

a 0.45 µm filter paper. Subsequently, the filtered samples underwent multiple rinses with DI water. 

To eliminate any remaining moisture, the obtained MPs were subjected to a vacuum oven set at 

30°C and left overnight. The weathered MPs samples were stored in a light-proof sealed glass 

containers prior to characterization and ice formation experiments. 
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4.1.3. Ice Formation Experiment 

MP stock solutions were created by combining 30 mg of MPs with 1 L of DI water and a 30 µL 

solution of Tween 20 diluted tenfold. This was done to achieve a concentration of 0.0003% V/V (3 

ppm), which improves the dispersion of the MPs. The MP stock solution was thoroughly mixed for 

15 minutes using a high-speed blender. The MP concentration in all batch tests was 10 mg/L. To 

prepare a 10 mg/L dispersion of MPs, 50 mL of the MPs stock solution was combined with different 

amounts of 100 g/L NaCl and 500 mg/L HA stock solutions to regulate the salinity and DOM 

concentrations of the MP dispersion. DI water was then added to the mixture, bringing the total 

volume up to 150 mL in a beaker. 

 

To inhibit the development of ice on the walls and base of the beakers, butyl sponge insulation was 

wrapped around 250 mL beakers that held 150 mL of the MP dispersion. Subsequently, the beakers 

and magnetic stir bars were relocated to an environmental chamber equipped with temperature 

control. They were subjected to a temperature of -10 °C for a duration of 150 minutes to mimic the 

process of ice formation. To achieve a uniform dispersion of MPs in each container at the start of 

the ice formation experiment, magnetic stirring was utilized at 500 rpm for 10 minutes. Following 

a 150-minute freezing period, the dispersion underwent an additional 5 minutes of homogenization 

using magnetic stirring. This step was taken to ensure that any MPs that were not entrapped by ice 

remained dispersed in the water and could be completely separated from the formed ice. After 

carefully separating the ice and residual water into separate beakers, they were sealed and left at 

room temperature overnight before taking measurements. The procedure of the ice formation 

experiment was modified from our previous study by Chen et al. (2023c). The MP concentration 

in ice and water was measured with LISST-200X (Sequoia Scientific, USA) using laser diffraction 

principles. The volume of melt ice (𝑉𝑖𝑐𝑒) was determined using a 50 mL graduated cylinder, and 
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the volume of residual water after the ice formation experiments (𝑉𝑤𝑎𝑡𝑒𝑟 ) was calculated. The 

enrichment factor of MPs (𝐸𝐹𝑀𝑃) could thus be determined by measuring MP concentrations in ice 

(𝐶𝑖𝑐𝑒) and water (𝐶𝑤𝑎𝑡𝑒𝑟) and employing the following equation:  

𝐸𝐹𝑀𝑃  =
𝐶𝑖𝑐𝑒

𝐶𝑤𝑎𝑡𝑒𝑟

(1) 

Additionally, the percentage of MPs entrapped in ice was calculated as: 

𝑃𝑀𝑃,𝑖𝑐𝑒  =
𝐶𝑖𝑐𝑒𝑉𝑖𝑐𝑒

𝐶𝑖𝑐𝑒𝑉𝑖𝑐𝑒 + 𝐶𝑤𝑎𝑡𝑒𝑟𝑉𝑤𝑎𝑡𝑒𝑟
× 100% (2) 

It is possible that some MPs were not recovered in the measurement due to flotation, settling, or 

adhesion to container walls. Therefore, the MP concentration of stock solution (𝐶𝑠𝑡𝑜𝑐𝑘 ) was 

measured before all tests to calculate the MP recovery rate using the following equation: 

𝑅𝑀𝑃  =
𝐶𝑖𝑐𝑒𝑉𝑖𝑐𝑒 + 𝐶𝑤𝑎𝑡𝑒𝑟𝑉𝑤𝑎𝑡𝑒𝑟

𝐶𝑠𝑡𝑜𝑐𝑘𝑉𝑠𝑡𝑜𝑐𝑘

(3) 

where, 𝑉𝑠𝑡𝑜𝑐𝑘 refers to the volume of MP stock solution used for each sample, which was 50 mL. 

All experimental conditions were replicated in triplicate to ensure accuracy. The standard error (SE) 

was then calculated to determine the variability and precision of the data, which was visually 

represented by incorporating error bars in the figures. One-way analysis of variance was 

implemented to identify whether the factor has significant impacts on the entrainment behavior of 

MPs in ice. Additionally, the statistically significance between two specific groups was identified 

using unpaired t-test. 

 

4.1.4. MPs Characterization 

The pristine and aged MPs underwent comprehensive characterization to investigate the influence 

of DOM on MP entrainment within ice. The mean particle size and size distribution of MPs were 

determined using the LISST-200X based on laser diffraction principles. Prior to measurement, MP 
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dispersions were effectively homogenized through shaking and an ultrasonic bath. During the 

measurement process, the LISST collected data at a frequency of one measurement per second. 

Once the readings stabilized, a total of 20 measurements were taken to ensure accuracy and 

reliability. To evaluate the zeta potential of MP dispersions, a Malvern Zetasizer Nano ZS (Malvern, 

UK) was employed. The water contact angle (WCA) of pristine and weathered MPs was measured 

using an optical contact angle goniometer (AST Product, USA) to evaluate changes in the 

wettability of MPs after interacting with DOM. The crystal characteristics of MPs was assessed 

using a Philips X'pert Multipurpose X-ray diffraction (XRD) system (Philips Analytical, 

Netherlands). The full width at half maximum (FWHM) of characteristic peaks in XRD spectra 

was calculated using Origin (OriginLab, USA) and crystallite size was calculated using Scherrer 

equation accordingly. The alteration of the surface chemistry of MPs was measured using a Bruker 

INVENIO-S Fourier transform infrared (FTIR) spectroscopy (Bruker, USA). The surface 

morphology of MPs was observed using a Hitachi S-3400N scanning electron microscope (SEM; 

Hitachi, Japan). 

 

4.2. Results and Discussion 

 

4.2.1. Effects of Salinity on MP Entrainment 

Previous studies have shown that ice formed in seawater contains a significantly higher amount of 

particle inclusions due to the formation of brine channels, which provide space for entrained 

particles (Barber et al., 2021; Smedsrud, 2001). However, the impact of salinity levels on the 

entrainment of different MPs has not been thoroughly investigated. Exploring the effects of varying 

salinity levels on MP behavior is of great importance, particularly in waters with salinity gradients, 

such as estuary areas. The indicators included enrichment factors, percentage of MP incorporated 
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into the ice, mean particle size in both water and ice, as well as MP recovery rate. Figure 4-1 

illustrates the influence of salinity levels on these indicators. 

 

Similar trends in enrichment factors were observed for the same MP with different particle sizes 

under varying salinity levels. However, notable differences were observed in the entrainment 

behaviors between PE and PMMA MPs. The enrichment factors of PE MPs exhibited a sudden 

increase from 0.64 to 1.71 for PE-1 and from 0.88 to 2.12 for PE-2 when the salinity level was 

increased from 0 to 2 practical salinity unit (PSU). However, further increases in salinity did not 

lead to additional enhancement in PE entrapment within the ice. In fact, a slight decline in the 

enrichment factors was observed. Despite PE MPs being buoyant and naturally floating on the 

water surface, which facilitates their capture by ice, the absence of brine pockets in freshwater ice 

leads to the expulsion of MP particles from growing ice crystals. 

 

Higher salinity led to denser brine networks, and the loose ice structure facilitated the expulsion of 

hydrophobic PE MP from the ice. This expulsion of PE MP can be the main factor contributing to 

a slight decline in enrichment factors when increasing salinity from 2 PSU for both PE-1 and PE-

2. However, the enrichment factors for PMMA MP gradually increased with the increasing salinity 

from 0 to 35 PSU. It can be caused by the hydrophilic surface of PMMA MP which demonstrates 

a greater affinity for ice surface compared with hydrophobic PE (Lee, 2019). In the presence of 

high salinity, an increased number of brine channels is formed, offering additional opportunities 

for PMMA entrapment rather than expulsion like hydrophobic PE. 

 

The enrichment factors of PMMA at varying salinity levels were all much lower than PE, which 

can be contributed to the difference in density. PMMA is a non-buoyant polymer with density of 
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1.2 g/cm3. However, plastic particles with buoyancy, such as PE, that are not initially trapped in 

ice tend to accumulate at the interface between the ice and water beneath the ice cover. The buoyant 

forces exerted on these particles push them towards the advancing ice fronts, increasing the 

likelihood of their incorporation into the freezing ice (Mountford and Morales Maqueda, 2021; 

Yemmou et al., 1991). 

 

Additionally, the effects of particle size on the entrainment factors of PE and PMMA were found 

to be opposite. For PE, the enrichment factors of PE-2, which had a larger mean particle size, were 

all higher than those of PE-1 at varying salinity. However, for PMMA, PMMA-1 had higher 

enrichment factors than PMMA-2 across the salinity range of 2 to 35 PSU. The critical velocity 

was used to define the speed of ice front growth at which foreign particles can be entrapped (Lipp 

et al., 1990). Generally, larger particle sizes can reduce the critical velocity, indicating that larger 

particles have a higher probability of being entrapped by the growing ice front (Asthana and Tewari, 

1993; Körber et al., 1985). However, in the case of PE and PMMA, the difference in buoyancy 

between the two materials resulted in contrasting effects of particle size on the enrichment factors.  
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Figure 4-1. Effects of salinity on enrichment factors, percentage of MP in ice, mean particle size, 

and recovery rate for PE (a–d) and PMMA MPs (e–h). The dashed lines in (a) and (e) denote an 

enrichment factor of 1, indicating that the MP concentration is the same in both ice and water. 
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The higher sedimentation speed of non-buoyant PMMA particles with larger sizes makes it more 

difficult for them to be trapped in the ice grown from the surface, in contrast to smaller particles 

which can remain suspended for a longer period (Andral et al., 1999). By observing the mean 

particle size in ice and water (Figure 4-1c and 4-1g), both PE-1 and PE-2 had larger mean particle 

sizes in ice than in water. However, the mean particle size in water was relatively larger for PMMA-

2. The MPs with larger particle size in water were more affected by buoyant force. Therefore, the 

non-buoyant PMMA-2 had a larger mean particle size in water than in ice, while the opposite was 

true for PE, which has buoyancy.  

 

Regarding the effect of salinity on the mean particle size, both PE-1 and PMMA-2 showed an 

increase in mean particle size with increasing salinity levels. This can be attributed to the elevated 

ionic strength, which leads to the compression of the electric double layer and subsequently 

destabilizes the dispersion system (Feng et al., 2022b). As a result, particle aggregation occurs, 

leading to an overall increase in the mean particle size. A decrease in recovery rate was also 

observed for them with the increased salinity. Destabilized particles exhibited accelerated settling, 

floating, or adherence to the walls of the beaker, consequently leading to a decrease in the recovery 

rate (Figure 4-1d and 4-1h) (Yang et al., 2022b). 

 

While the salinity level had no significant impact on the mean particle size of PMMA-1 in both ice 

and water, a decrease in the recovery rate of PMMA-1 was still observed. Additionally, the disparity 

in mean particle size between ice and water was not significant, attributable to the relatively small 

and uniform particle size of PMMA-1. PMMA exhibits a higher overall recovery rate compared to 

PE MPs due to its hydrophilic nature. The hydrophobic interaction of PE makes them more prone 

to aggregation and adhesion to the walls of the beaker (Sharma et al., 2021). Furthermore, the MP 
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dispersion prepared using PE-2, which has larger particle sizes, presents challenges in achieving 

uniform distribution. The larger particles tend to float out of the system, making it difficult to 

recover them during quantification measurements. 

 

4.2.2. Effects of Aquatic DOM on MP Entrainment 

DOM is extensively found in aquatic ecosystems, encompassing both marine and freshwater 

environments (Hashemi Safaei et al., 2022). It consists of a complex mixture derived from the 

decomposition products of plants, bacteria, and algae (Khadanga et al., 2022). In freshwater 

environments, humic substances are predominant components, accounting for approximately 50–

90% of DOM. Their concentration typically ranges from 0.2 to 30 mg/L (Black et al., 1996). 

Additionally, the input of terrestrial DOM from rivers into the ocean makes humic acid an 

important fraction in estuarine and coastal environments. The presence of DOM in water can 

enhance the stability of suspended particles by reducing aggregation through electrostatic and steric 

effects (Philippe and Schaumann, 2014). DOM can significantly alter the environmental behaviors 

of MPs, depending on the concentration and composition of DOM (Abdurahman et al., 2020). 

Therefore, the study examined the effects of HA in both freshwater and 35 PSU saltwater 

conditions. The results of the investigation are illustrated in Figure 4-2. 

 

The enrichment factors for both PE and PMMA in saltwater were significantly higher compared to 

freshwater, primarily due to the formation of brine channels, as discussed in the previous section. 

While the impact of HA on entrainment was not as pronounced as salinity, it still exerted influence 

on the entrainment of MPs in ice, especially for PE. Interestingly, the role of HA concentration in 

the enrichment of PE MP differed between freshwater and saltwater. In freshwater, the enrichment 

factor of PE-1 increased with higher HA concentrations. Without HA, the enrichment factor was 
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0.64 (SE: 0.08), whereas at a concentration of 20 mg/L HA, it increased to 0.83 (SE: 0.04). However, 

in 35 PSU saltwater, HA inhibited the entrainment of PE-1 in ice; the enrichment factor decreased 

from 2.09 (SE: 0.22) to 1.41 (SE: 0.1) when 2 mg/L HA was added. 

 

Owning to large number of active functional groups, HA exhibits amphiphilic properties, allowing 

it to form pseudomicelles in aqueous solution (Urdiales et al., 2018; Von Wandruszka, 2000). 

Therefore, HA molecules adsorbed on the PE MP can decrease its hydrophobicity; the WCA of PE 

decreases with interaction with the HA solution over time, and this is further discussed in the 

following section. The decreased hydrophobicity enhances the affinity of the PE MPs for ice, 

making them easier to be embedded within the ice matrix (Chubarenko, 2022; Lipp et al., 1990). 

Therefore, the DOM increased the enrichment factor of PE in freshwater. In the case of MPs 

entrapped in ice formed in saltwater, they are primarily located within the brine channels. The high 

ionic strength within these channels can destabilize and aggregate the PE particles, facilitating their 

physical entrapment within the brine network (Pradel et al., 2021b). However, the addition of HA 

can counteract this effect by providing electrostatic repulsion and steric hindrance, thereby 

stabilizing the MPs during the ice formation process (Pradel et al., 2021a). This facilitates their 

expulsion from the ice structure. As the concentration of HA increases, the mean particle size of 

PE-1 in ice formed in saltwater with a salinity of 35 PSU decreases, and the recovery rate of MPs 

increases. For example, with an increasing HA concentration from 0 to 20 mg/L, the mean particle 

size of PE-1 in ice formed in saltwater decreased from 8.7 (SE: 0.09) to 8.0 (SE: 0.13). 

 

Despite lacking statistical significance (p>0.05), there was a slight improvement observed in the 

enrichment factors for PMMA-1 when exposed to HA in both freshwater and 35 PSU saltwater. 

The enrichment factors for PMMA-1 were 0.21 (SE: 0.02) and 0.25 (SE: 0.03) at 0 and 20 mg/L 
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HA in freshwater, respectively, and 0.83 (SE: 0.02) and 0.87 (SE: 0.01) in saltwater. The primary 

reason for the enhanced entrainment of PMMA-1 by the increase in HA can be attributed to its 

stabilization effects on the non-buoyant PMMA MPs. The higher electrostatic repulsion force 

caused by HA results in a more stable colloidal system, leading to more entrapment of particles by 

the growing ice front (Chen et al., 2022c). Additionally, it can be found that the recovery rate for 

PMMA-1 in saltwater was significantly improved while increasing HA concentration. 

 

Another interesting finding is that the mean particle size for PE-1 increased in the ice formed in 

freshwater with the addition of higher concentrations of HA. The mean particle size within the ice 

was measured at 7.67 (SE: 0.14) in the absence of HA, and it notably increased to 9.28 (SE: 0.12) 

at a HA concentration of 20 mg/L. The absence of porous brine networks in the freshwater ice 

resulted in the physical compression of HA and MPs, amplifying the formation of aggregate and 

contributing to the overall increase in particle size (Pradel et al., 2021b). Moreover, the larger 

particle size made them more prone to instability, leading to a reduction in the recovery rate of PE-

1 in freshwater as the HA concentration increased. Similarly, Pradel et al. (2021b) assessed the 

influence of sodium alginate (SA) on the entrapment of nanoplastics and found that the addition of 

SA decreased the recovery of particles frozen in DI water due to the rapid sedimentation of the 

increased plastic particle size. 
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Figure 4-2. The effect of DOM on enrichment factors, percentage of MP in ice, mean particle size, 

and recovery rate of PE-1 and PMMA-1 at 0 (a–d) and 35 PSU (e–h). 
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4.2.3. Characterization of MPs after Interaction with Aquatic DOM 

Various techniques were applied to characterize the physical and chemical characteristics of 

pristine MPs as well as MPs subsequent to the interaction with HA. The surface structure of both 

unaltered and aged MPs was examined using SEM (Figure 4-3). The PE MP, after 28 days of 

interaction with HA, exhibited smoother edges compared to the pristine and UV28 PE. This 

smoothening can be credited to physical abrasion caused by the shear force introduced by shaker 

(Feng et al., 2022a). However, the PE MPs in HA under UV exposure for 28 days did not show 

significant changes on the surface, as continuous shaking was not introduced in this scenario. These 

findings are consistent with prior research conducted by Feng et al. (2022a), which suggested that 

UV exposure not only fails to increase the surface roughness of MPs but also contributes to surface 

smoothing through chemical stripping. 

 

FTIR analysis was conducted to investigate potential changes in chemical bonds and composition. 

The FTIR spectra of PE and PMMA MPs were demonstrated in Figure 4-4 and Figure 4-5. 

Following a 28-day interaction with HA under both dark and UV light conditions, PE-1 and PE-2 

displayed no significant alterations in their FTIR spectra. However, weak peaks near 3700 cm-1 

corresponding to O-H stretching were observed for UV28 PE-2, indicating the possibility of 

photodegradation occurring specifically in PE-2 (Cai et al., 2023; Lu et al., 2017). This observation 

can be attributed to the larger particle size of PE-2 compared to PE-1, as the reduced surface area 

makes the particles more susceptible to exposure under light. 

 

In contrast, the FTIR analysis of PMMA MP exhibited the emergence of new peaks after exposure 

to the weathering conditions. All PMMA samples displayed new peaks at wavenumbers of 668, 

1541, and 1558 cm-1, although the absorbance levels varied among the samples. The emergence of 
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these new peaks can be ascribed to the adherence of HA onto the surface of PMMA. The peak at 

668 cm-1 can be caused by noise from gas-phase CO2 or the O-H out of plane bending in C-OH 

alcoholic groups which are common functional groups found in HA (Wu et al., 2014; Yuan and 

Teja, 2011). Additionally, the peaks observed at 1541 and 1558 cm-1 can be linked to the aromatic 

C=C stretching vibrations in aromatic rings or other aromatic moieties present in HA (Stevenson, 

1994). 

 

 

 

Figure 4-3. SEM images of (a–f) PE-1 and (g–i) PMMA-1 MP. 
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Figure 4-4. FTIR spectra of (a, c) PE-1 and (b, d) PE-2 after interaction experiments with HA 

under light and dark conditions. 
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Figure 4-5. FTIR spectra of (a, c) PMMA-1 and (b, d) PMMA-2 after interaction experiments with 

HA under light and dark conditions. 
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XRD analysis was used to assess the crystalline structure of the polymer after 28-day interaction 

experiment and the results are shown in Figure 4-6. PE is a partially crystalline solid and PMMA 

is an amorphous polymer (Ruiz et al., 2011). Consequently, the XRD spectra of PE exhibit a distinct 

peak and a lower signal-to-noise ratio compared to PMMA. The FWHM is utilized to describe 

various characteristics of crystalline structures, including crystallite size and crystallographic 

parameters. The FWHM values for the primary peaks observed in the XRD spectra of PE (2θ = 

21.3° and 23.7°) and PMMA (2θ = 14.8° and 30.6°) are presented in Figure 4-6b and 4-6d, 

respectively. 

 

For PE, the XRD analysis revealed no noticeable differences between the UV28 PE and the pristine 

PE, but an increase in FWHM was observed for HA28 PE. This increase in FWHM suggests a 

reduction in crystallite size and an increase in lattice strain (Menzel et al., 2022). The physical 

abrasion resulting from the shaking process in HA28 introduced strain and disrupted the crystalline 

structure. The crystallite size of HA28 PE decreased from 13.79 nm to 12.86 nm at 2θ = 21.3° and 

from 11.17 nm to 10.58 nm at 2θ = 23.7°. Similarly, the FWHM values of PMMA exhibited an 

overall increase following the interaction experiments. Specifically, the FWHM values for pristine, 

UV28, and HA28 PMMA at 2θ = 14.8° were 6.63, 6.63, and 6.49, respectively. At 2θ = 30.6°, the 

FWHM values were 6.23, 6.36, and 6.65 for pristine, UV28, and HA28 PMMA, respectively. 

 

Zeta potential measurements were employed as a technique to evaluate the dispersion stability of 

MPs. The same dispersion protocol used for the ice formation experiments was replicated to 

disperse the MPs, and zeta potential measurements were conducted in the absence of HA (Figure 

4-7a) and 10 mg/L of HA (Figure 4-7b), respectively. The dispersion of pristine PE MPs exhibited 

relatively stable characteristics, with zeta potentials of −41.3 mV and −27.0 mV for PE-1 and PE-
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2, respectively. In contrast, pristine polymethyl methacrylate PMMA MPs displayed lower absolute 

value of zeta potentials of −20.3 mV and −16.5 mV for PMMA-1 and PMMA-2, respectively, 

indicating a relatively less stable dispersion than PE MPs. 

 

The absolute value of zeta potential of all MPs after HA28 treatment was significantly increased, 

which can be attributed to the increased electron density resulting from the adsorption of HA on 

the MPs surface (Luo et al., 2022). However, PMMA after UV28 treatment did not have the 

significant increase in the absolute value of zeta potential and UV28 PE-1 even showed a decline. 

UV radiation could eliminate the HA through the photodegradation, thus inhibiting the increase in 

surface charge due to HA adsorption (Kulovaara, 1996). Compared with HA28, the absolute values 

of zeta potential of MPs after UV28 treatment were significantly increased when adding 10 mg/L 

HA, suggesting that the surface is relatively unsaturated with sites for HA adsorption.  

 

WCA was measured for the MPs after the weathering processes to evaluate the impact on the 

wettability. Pristine PE and PMMA are hydrophobic and hydrophilic polymer; the WCA of pristine 

PE-1, PE-2, PMMA-1, and PMMA-2 was 138.7°, 143.3°, 62.5°, and 51.9°, respectively. However, 

the PE and PMMA showed different impact after interacting with HA. The WCA of PE-1 and PE-

2 was reduced to 126.3° and to 119.7° after UV28 interaction process. In contrast, the wettability 

of PMMA was changed from hydrophilic to hydrophobic for UV7, and the hydrophobicity was 

continued to be increased with treatment duration. The WCA of UV28 PMMA-1 and PMMA-2 

was 122.4° and 120.2°. Similarly, the WCA of PE and PMMA decreased and increased respectively 

after HA28 treatment.  
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Figure 4-6. XRD spectra of (a) PE-1 and (c) PMMA-1 and (b, d) FWDH values of the characteristic 

peaks. 



68 

 

 

 

 

Figure 4-7. Zeta potential of MPs in DI water (a) and 10 mg/L HA (b). Changes in WCA of MPs 

after UV light exposure (c) and dark conditions (d). 
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The decrease in the hydrophobicity of hydrophobic MP due to DOM has been widely observed in 

previous studies. Chen et al. (2023a) evaluated the WCA of polystyrene (PS) MP with different 

sizes after interacting with DOM under dark and light conditions for 7 days and found that all MPs 

showed a decrease in the hydrophobicity. HA contains numerous hydrophilic groups such as 

carboxyl and phenolic groups. The adsorption of HA molecules on the PE surface after interaction 

experiment could be increase its affinity for water. Meanwhile, DOM can oxidize the MP surface, 

leading to the appearance of hydroxy groups. This has been observed in the FTIR spectra after the 

interaction experiment, although the changes in peaks depend on the MP and treatment (Figure 4-4 

and Figure 4-5). 

 

Relatively few studies have been conducted on the behavior of hydrophilic MP especially the 

interaction with DOM. Our findings highlight a distinct behavior of hydrophilic MPs, exemplified 

by PMMA, in contrast to hydrophobic PE when interacting with HA. Notably, the wettability of 

PMMA transitioned from hydrophilic to hydrophobic following exposure to HA. As an 

amphipathic substance, HA comprises both polar and non-polar moieties. Its adsorption onto 

hydrophilic particle can enhance the non-polar fractions on the surface, thereby reducing affinity 

of the materials for water (Volikov et al., 2016). This phenomenon of increased hydrophobicity in 

hydrophilic particles following HA adsorption is well-documented. For instance, Kholodov et al. 

(2018) discovered that HA adsorption onto clay particles, including kaolin and montmorillonite, 

significantly elevated the WCA, in other words, amplifying hydrophobicity. 

 

The characterization of MPs after the interaction experiments, conducted under dark and UV light 

conditions, revealed modifications in their surface properties. These changes were primarily 

attributed to the adherence of humic acid to the surfaces of the MPs. Additionally, the interaction 
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processes resulted in observable alterations in the physical properties of the MPs, such as physical 

damage and a reduction in crystallite size. However, no significant changes in the oxidation and 

chemical properties of the MPs were detected after the interaction with HA under both dark and 

UV light conditions. 

 

4.2.4. Effect of the Interaction on MP Entrainment in Ice 

In an effort to evaluate the impact of HA interaction on the entrainment of MPs within ice, a series 

of ice formation experiments were conducted. The results, as illustrated in Figure 4-8, indicate an 

enhancement in the enrichment factor and percentage in ice of PE MPs following interaction with 

HA under both experimental conditions—UV28 and HA28. Notably, the increase in enrichment 

factors was more pronounced for PE-2 compared to PE-1. Specifically, the enrichment factors of 

UV28 and HA28 in PE-1 increased by 7% and 21% respectively, relative to the pristine sample. 

For PE-2, these increases were even more substantial, with rises of 27% and 37% respectively. This 

differential response between PE-1 and PE-2 could be attributed to the larger particle size of PE-2, 

which results in a lower specific surface area. This in turn facilitates more extensive interaction 

with HA molecules compared to PE-1. 

 

HA28 treatment showed a greater improvement in the entrainment of both PE-1 and PE-2 

compared to UV28, although the results were not statistically significant. The physical abrasion 

caused by shaking in the HA28 treatment could potentially lead to more damage to the surface 

morphology of the PE, as depicted in Figure 4-3. Additionally, the enhancement on the ice 

entrapment of MP can result from an increase in the mean particle size of PE due to the formation 

of the aggregate after interacting with HA, both in the case of UV28 and HA28 treatments. Notably, 

PE MPs treated with HA28 exhibited a higher mean particle size compared to those treated with 
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UV28. Specifically, the mean particle sizes measured using LISST-200X for pristine, UV28, and 

HA28 treated PE-1 were 7.43 µm, 7.61 µm, and 8.38 µm, respectively. For PE-2, the corresponding 

values were 16.04 µm, 17.03 µm, and 18.58 µm, respectively. The increase in particle size can be 

attributed to the formation of a DOM layer on the surface of PE. Additionally, the adsorption of 

DOM onto the particles can introduce additional charges when they are in water. This leads to the 

stabilization of larger particles in suspension, preventing them from settling or floating, and 

consequently increasing the measured mean particle size. The photodegradation of HA due to UV 

light exposure in UV28, and the increased interaction with HA resulting from shaking in HA28, 

led to a greater increase in mean particle size in the HA28 treatment compared to UV28. 

Furthermore, the higher absolute value of the zeta potential observed in HA28-treated PE-1 and 

PE-2 also suggests the adsorption of more HA, which provides more electron density on PE. The 

influence of HA on the particle size of MP was observed by Chen et al. (2018b) as well. The 

formation of significantly widens the particle size distribution and increase the particle size of PS 

MP after interacting with HA. 

 

Compared to PE MPs, the entrainment of PMMA-1 and PMMA-2 in ice after 28 days of interaction 

with HA did not show significant differences. The enrichment factor of pristine PMMA-1 was 0.84, 

while for UV28 and HA28 treated PMMA-1, it was 0.9 and 0.85, respectively. Similarly, for 

PMMA-2, the enrichment factor for pristine, UV28, and HA28 was 0.55, 0.55, and 0.54, 

respectively. Similarly, the mean particle size of PMMA MPs did not show the statistically 

significant differences after the 28-day interaction for both conditions. The increased electron 

density provided by HA contributes to the improved stability of non-buoyant PMMA particles in 

water. Additionally, minor surface damages on the particle surfaces may have played a role in the 

slight enhancement observed in the entrapment of PMMA MPs in ice after the treatment with UV. 
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Figure 4-8. The enrichment factor, mean particle size and recovery rate of pristine, UV28, and HA 

28 (a–c) PE and (d–f) PMMA. 
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The impact of DOM on the treated MPs was examined as well. Specifically, the entrainment 

behaviors of the MPs in ice were examined under two conditions: without HA and with 10 mg/L 

HA. The findings demonstrated the impact of HA on the treated MPs was similar to that observed 

for pristine MPs, as discussed in section 3.2. With the addition of 10 mg/L HA, both UV28 and 

HA28 PE exhibited a decrease in the enrichment factor and MP percentage in ice. In contrast, 

treated PMMA showed an increase in entrainment in ice when HA was added. In terms of the 

recovery rate, as depicted in Figure 4-8c, it was found that all PE MPs exhibited a decline in the 

recovery rate when 10 mg/L HA was added, suggesting the aggregation between PE MP and HA 

affected their stability. It was found that the sedimentation rate of hetero-aggregation increased 

significantly while nanoplastics aggregated with plastics particles (Chen et al., 2018a). However, 

further increasing the HA concentration to 20 mg/L showed a significant improvement in the 

recovery rate of pristine PE-1 and PE-2 as shown in Figure 4-8c. This may be attributed to higher 

surface charges provided by higher concentration of PE MPs, stabilizing the PE dispersions. 

 

The recovery rate of PMMA MPs increases with the addition of HA, which is in contrast to PE 

MPs where the recovery rate declines. This difference can be attributed to the varying 

hydrophobicity of these two polymers. It has been observed that hydrophobic interactions are a 

major driving factor for the adsorption of DOM on MPs. The change in particle size between PE 

and PMMA after interaction experiments supports this observation: The mean particle size of PE 

significantly increases after interaction experiments, but there is no significant difference for 

PMMA. The stronger hydrophobic interaction between PE and the hydrophobic fraction of HA 

leads to more formation of hetero-aggregation, which in turn increases the mean particle size (Chen 

et al., 2018a; Chen et al., 2018b). On the other hand, the interaction between hydrophilic PMMA 
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and HA does not form hetero-aggregation. The extra charges provided by HA increase the 

dispersion stability, which in turn increase the recovery rate of PMMA.  

 

The notable variations in the enrichment factor and recovery rate observed in PMMA and PE 

following ice formation experiments, combined with the divergent impacts observed after their 

interaction with HA, highlight the critical role of the physicochemical properties of MPs in their 

fate within cold aquatic environments.  

 

4.2.5. Environmental Implications 

The escalating quantities of plastic waste discharged into marine ecosystems have inevitably led to 

the increase in MPs found in the cold regions, including ice and water bodies. A particularly 

alarming trend is the strikingly high concentration of MPs in Arctic sea ice, the levels of which 

have been observed to be two orders of magnitude greater than in the sub-ice water. MPs undergo 

a series of natural weathering processes in the environment, including physical abrasion and 

exposure to UV irradiation. These processes significantly alter the surface properties of MPs, 

thereby affecting their behavior within the environment. Indeed, various studies have found that 

the presence of aquatic DOM can either accelerate or inhibit the aging of MPs, acting as ROS 

generators or scavengers and having a light-shielding effect. It should be noted that the impact of 

aquatic DOM on the aging process of MPs is highly dependent on the properties and types of both 

aquatic DOM and MPs involved. This interaction can significantly influence MPs' behavior in 

colder regions, an area of research that has, thus far, received insufficient attention. 

 

Our study investigated the effects of HA on the properties of MPs through a 28-day interaction 

experiment conducted under both UV and dark conditions. The implications of the alteration in 
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MPs properties on their incorporation into ice were also explored in an ice formation experiment. 

No significant oxidation was observed in MPs after the interaction experiments under either 

condition. However, the presence of HA on the MPs after the interactions was confirmed. The HA 

provided additional surface charges, leading to an increase in zeta potentials for all MPs tested after 

the interaction experiment. The interaction with HA had different impacts on the two types of MPs 

used in our study, PE and PMMA. PE exhibited an increase in mean particle size after the 

interaction experiments, presumably due to aggregation with HA through a hydrophobic effect. 

However, no change in particle size was observed in PMMA. The presence of HA also reduced the 

recovery rate of PE MPs during the ice formation experiment which was caused by the instability 

of dispersion due to increased particle size. Additionally, the wettability showed a different 

alteration for PE and PMMA after the interaction experiments. The hydrophobic MP—PE 

experienced a decrease in its WCA, indicating the increased hydrophilicity. In contrast, PMMA 

displayed an opposite behavior, with its WCA significantly increasing and transitioning from 

hydrophilic to hydrophobic. Furthermore, the entrapment of MPs in ice was noted improved post 

their interaction with HA, due to surface damage caused by physical abrasion and UV radiation. 

 

These findings underscore the critical role that the inherent properties of MPs play in determining 

their environmental behavior. These properties can significantly impact their interactions with other 

natural components in the environment, thereby influencing their behavior in the cold environment. 

Beyond the influence of aquatic DOM, MPs can engage in interactions with a multitude of natural 

substances and microorganisms, such as adsorption, aggregation, and colonization processes. 

Additionally, the growing ice crystals exert pressure that might cause MPs to combine with other 

particles or dissolved substances, altering their behavior once they are released. These interactions 
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can induce noteworthy modifications in the properties and environmental behaviors of MPs, thus 

underscoring their intricate role within various environmental contexts. 

 



 __________________________________________  

Reprinted with permission from Environmental Science & Technology. 2024, 58, 30, 13529–13539. 

Copyright 2024 American Chemical Society.  
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Chapter 5. Revealing the Freezing-induced Alteration in Microplastic Behavior and its 

Implication for the Microplastics Released from Seasonal Ice 

 

5.1. Materials and Methods 

 

5.1.1. Chemicals and Materials 

Three different types of polymer particles were employed to represent MPs with different 

properties in the environmental context. High-density polyethylene (PE), with a density of 0.97 

g/cm³, and aliphatic polyurethane (PU), having a density of 1.05 g/cm³, were obtained from Micro 

Powder Inc. (New York, USA). The PE particles ranged in mean size from 8.0 to 10.0 µm, while 

the PU ranged in mean size from 6.0 to 9.0 µm. Polytetrafluoroethylene (PTFE) powder, 

characterized by a density of 2.20 g/cm³, and a mean particle size of 6.0–9.0 µm, was obtained 

from Goodfellow Cambridge Ltd. (Huntingdon, UK). 67% of MPs found in the Arctic sea ice were 

distributed in sizes less than 11 µm. Therefore, MPs with a mean particle size ranging from 6.0 to 

10.0 µm were used in this study (Peeken et al., 2018). Additionally, Tween 20, used to enhance the 

dispersion of MPs, and sodium chloride, employed for adjusting the salinity of the water, were 

acquired from Sigma-Aldrich (Ontario, Canada). 

 

5.1.2. Freezing Experiment 

The MP stock solutions were prepared by adding 60 mg of MP to 1.5 liters of deionized (DI) water, 

supplemented with 60 µL of a tenfold Tween 20 solution. The resulting mixture was subjected to 
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homogenization at 13000 rpm using a high-speed homogenizer for a duration of 20 min. 

Subsequently, the prepared MP stock solution underwent magnetic stirring at 1000 rpm to eliminate 

air bubbles introduced during the homogenization process and to maintain uniform suspension of 

the MPs prior to implementation. Samples of 200 mL of a 10 mg/L MP dispersion, featuring various 

salinity levels, were prepared by combining the corresponding volumes of the MP stock solution, 

100 mg/L NaCl solution, and deionized (DI) water in beakers. The detailed experimental design is 

provided in Table 5-1. 

 

These beakers, containing the MP samples, were tightly sealed with Parafilm and placed in a freezer 

set at −15 °C for a duration of 24 h to ensure complete freezing of the samples. The frozen samples 

were then removed from the freezer and allowed to thaw completely (to an ambient temperature of 

20 °C) before proceeding with subsequent measurements and characterizations. Simultaneously, 

two control groups were established to assess the impact of freezing on MP behavior. One control 

group was subjected to measurements immediately after the MP dispersions (Control-1). The other 

control group was stored in a refrigerator at 4 °C for 24 h and then removed at the same time as the 

freezing group for comparison purposes (Control-2). All samples within the control groups were 

subjected to the same magnetic stirrer homogenization process as the experimental groups prior to 

measurement. All experiments were replicated three times, and the error bars in all figures of this 

study represent the standard error (SE). 
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Table 5-1. Experimental design 

No. Polymer 

type 

Prepared MP 

concentration 

(mg/L) 

Salinity 

(PSU) 

Standing 

time 

(min) 

Replicate Research 

objectives 

1 PE 10 0 0 3 
Effects of 

freezing  
2 PTFE 10 0 0 3 

3 PU 10 0 0 3 

4 PE 10 0 0 3 

Effects of 

salinity 

under 

freezing 

5 PE 10 5 0 3 

6 PE 10 10 0 3 

7 PE 10 20 0 3 

8 PE 10 35 0 3 

9 PTFE 10 0 0 3 

10 PTFE 10 5 0 3 

11 PTFE 10 10 0 3 

12 PTFE 10 20 0 3 

13 PTFE 10 35 0 3 

14 PU 10 0 0 3 

15 PU 10 5 0 3 

16 PU 10 10 0 3 

17 PU 10 20 0 3 

18 PU 10 35 0 3 

19 PE 10 0 0 3 

Role of 

freezing in 

the stability  

20 PE 10 0 60 3 

21 PE 10 0 120 3 

22 PE 10 0 480 3 

23 PE 10 0 960 3 

24 PE 10 0 1440 3 

25 PTFE 10 0 20 3 

26 PTFE 10 0 40 3 

27 PTFE 10 0 60 3 

28 PTFE 10 0 80 3 

29 PTFE 10 0 100 3 

30 PU 10 0 0 3 

31 PU 10 0 60 3 

32 PU 10 0 120 3 

33 PU 10 0 480 3 

34 PU 10 0 960 3 

35 PU 10 0 1440 3 
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5.1.3. MP Quantification and Characterization 

The thawed MP dispersion was subjected to homogenization using a magnetic stirrer operating at 

1000 rpm for a duration of 30 s, ensuring the uniform distribution of MP particles prior to 

measurement. Following the homogenization process, a 50 mL sample was extracted from the 

middle of the liquid, with the timing ranging immediately to 24 hours post-standing, depending on 

the experiment, in order to assess changes in MP concentration and particle size. The mean particle 

size, particle size distribution, and volume concentration of MPs were measured using laser in situ 

scattering and transmissometry (LISST-200X, Sequoia Scientific, Bellevue, USA) in conjunction 

with the laser diffraction (LD) method. Moreover, because the concentrations measured using the 

LD method can be affected by the presence of larger particles and thus have high accuracy for 

homogeneous samples (Perpetuo et al., 2022), the mass concentration of MPs was measured using 

a total-carbon-based quantitative method through employing an Elementar vario EL cube elemental 

analyzer (Langenselbold, Germany).  

 

To quantify the MP in water, a total-carbon-based quantitative method was developed in this study 

employing an Elementar vario EL cube elemental analyzer. Samples of 30 mL were filtered through 

a 22 mm-diameter glass microfiber filter with a 1.6 µm pore size to capture all MPs on the filter 

medium. Subsequently, the filter was rinsed multiple times with DI water and alcohol to eliminate 

any residual surfactants that may have adsorbed onto the filter or onto MPs during the filtration 

process. Following this, the filters containing the MPs were subjected to drying in a vacuum oven 

at 50 °C for 12 h to remove any remaining moisture. The dried filters were then securely enclosed 

within 35×35 mm tinfoil and then introduced into an elemental analyzer operating at 1,100 °C. The 

calibration curve of total organic carbon analysis was built using potassium hydrogen phthalate 

solution and the carbon content of each MP sample was measured using the calibration curve to 
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verify whether the polymer can be completely combusted in the analysis. The measured and 

theorical carbon content of each MP was provided in Table 5-2. All three polymer demonstrated a 

good recovery rate. Therefore, the MP mass concentration (𝐶𝑚𝑝 ) was thus calculated by the 

following equation: 

𝐶𝑚𝑝 =
𝑚𝐶

𝑉𝑠𝑎𝑚𝑝𝑙𝑒𝐶𝐶𝑚𝑝
 

where 𝑚𝐶 is the measured carbon mass (mg); 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 is the volume of the sample (L); and 𝑇𝐶𝐶𝑚𝑝 

is the percentage of carbon content of each type of MP. 

 

Table 5-2. Measured and theorical carbon content of MPs 

Polymer type Measured carbon 

content (%) 

Theorical carbon 

content (%) 

Carbon recovery rate 

(%) 

PE 86.88 ± 0.85 85.71 101.36 ± 0.99 

PTFE 21.72 ± 0.38 24 90.51 ± 1.57 

PU 62.11 ± 1.32 59.12 105.06 ± 2.23 

 

The zeta potential of the MP dispersion was measured using a Malvern Zetasizer Nano ZS 

(Malvern, UK), while the pH was measured using a pH meter (AR15, Fisher Scientific). The water 

contact angles of MPs, finally, were measured using an optical goniometer with automatic 

calculation capability (AST Products, Inc., Billerica, USA). To investigate the potential impact of 

freezing on the physicochemical properties of MPs, a group of MPs at a concentration of 2000 

mg/L was subjected to freezing for seven days, owing to the limited quantity of samples available 

in other experimental groups. For this process, 200 mg of each MP type was dispersed in 200 mL 

of water (DI and 35 PSU saline water) containing 1 mg/L Tween-20, using a high-speed 

homogenizer, and then placed in a freezer at –15 °C for seven days. Subsequently, the samples 

were filtered through a 1.6-µm pore size glass-fiber filter and rinsed with DI water. The frozen MPs 



82 

were thereafter dried in a vacuum oven at 50 °C for 12 hours in preparation for water contact angle 

measurements. The MP powder was fixed on the glass slide using double-sided tape, and a 5 μL 

DI water was then dropped on the surface of the solid sample. The embedded software was able to 

automatically fit an ellipsoid to the curve of the sessile water droplet and determine the contact 

angles. 

 

5.1.4.  Theoretical Calculations 

Theoretical calculations were employed to gain further insights into the experimental results. The 

theoretical settling and rising velocities of MPs were calculated using empirical equations 

developed by Dietrich (1982), which have been widely applied in previous studies to describe the 

motion of MPs in water (Waldschläger and Schüttrumpf, 2019; Wang et al., 2023). The 

settling/rising velocity of MPs was calculated using a modification of the Stokes equation (Dietrich, 

1982; Kooi et al., 2017). 

𝑉𝑆𝑅 = − (
𝜌𝑚𝑝 − 𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑤𝑎𝑡𝑒𝑟
𝑔𝜔∗𝑣) 

where 𝜌𝑤𝑎𝑡𝑒𝑟  and ρmp  are densities of water (1000 kg/m3) and MPs (PE, PTFE, and PU have 

densities of 970, 2200, and 1050 kg/m3); 𝜔∗ is the dimensionless velocity; and 𝑣 is the kinematic 

viscosity. The value of 𝜔∗ can be calculated using the following equation: 

𝜔∗ = 1.71 × 10−4𝐷∗
2 𝑓𝑜𝑟 𝐷∗ < 0.05 

log 𝜔∗ = −3.76715 + 1.92944 log 𝐷∗ − 0.09815(log 𝐷∗)2 − 0.00575 log(𝐷∗)3

+ 0.00056 log(𝐷∗)4  𝑓𝑜𝑟 0.05 ≥ 𝐷∗ ≥ 5 × 109 

where the dimensionless particle diameter, 𝐷∗,  can be calculated from the equivalent spherical 

diameter, 𝐷𝑛 (m): 
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𝐷∗ =
|𝜌𝑚𝑝 − 𝜌𝑤𝑎𝑡𝑒𝑟|𝑔𝐷𝑛

3

𝜌𝑤𝑎𝑡𝑒𝑟𝑣
 

 

Additionally, the Péclet number was utilized as an indicator of the relative significance of gravity 

versus diffusive forces. Péclet number can be calculated using the following equation (Dietrich, 

1982; Waldschläger and Schüttrumpf, 2019; Wang et al., 2023): 

𝑃𝑒 =
2𝜋𝑔|𝜌water − 𝜌mp|𝑟4

3𝐾𝐵𝑇
 

where 𝑃𝑒 is Péclet number; 𝑔 is gravity acceleration constant (9.81 m/s2); 𝑟 is the average radius 

of MPs; 𝐾𝐵  is the Boltzmann constant (1.38 × 10−23 J/K); and 𝑇  is the absolute temperature 

(298 K). It should be noted that a Péclet number less than 1 suggests that diffusive transport 

dominates particle motion in water, while a value greater than 1 indicates that settling or rising due 

to gravity governs particle motion (Kovalchuk and Starov, 2012).  

 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory has been extensively employed to 

explain the aggregation and stability of particles in a liquid medium, accounting for the van der 

Waals force and electrostatic repulsion forces between particles. In this study, a particle–particle 

model based on DLVO theory was used to characterize the interactions among MPs. In DLVO 

theory, the total interaction energy comprises van der Waals interaction energy and electrostatic 

interaction energy. (Derjaguin et al., 1987): 

𝑈𝑡𝑜𝑡𝑎𝑙 = 𝑈132
𝑣𝑑𝑤 + 𝑈132

𝑒𝑙  

where 𝑈𝑡𝑜𝑡𝑎𝑙 is the total interaction energy, 𝑈132
𝑣𝑑𝑤 is van der Waals interaction energy; and 𝑈132

𝑒𝑙  is 

electrostatic interaction energy. 
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The van der Waals interaction energy can be calculated using the formula: 

𝑈132
𝑣𝑑𝑤 =

−𝐴132𝑎1𝑎2

6ℎ(𝑎1 + 𝑎2)
[

1

1 +
11.12ℎ

𝜆𝑐

] 

where 𝑎1 and 𝑎2 are the radius of interacting particles 1 and 2, respectively (m); ℎ is the separation 

distance between two interacting particles (nm); 𝜆𝑐  is the characteristic wavelength of the 

interaction, often assumed to be 100 nm; 𝐴131 is Hamaker constant for interacting between subject 

1 in the medium 3, which can be calculated using the following formula: 

𝐴132 = (√𝐴11 − √𝐴33)(√𝐴22 − √𝐴33) 

where 𝐴11 and 𝐴22is the Hamaker constant of subject 1 and 2 in vacuum, because only interaction 

between same type of MPs was studied in this study, so same value was used for 𝐴11 and 𝐴22 to 

calculate the interaction energy for each type of MP; and 𝐴33 is the Hamaker constant of water 

(3.7×10-20) (Feng et al., 2023). 

 

The electrostatic interaction energy can be calculated by: 

𝑈132
𝑒𝑙 = 4𝜋𝜀𝜀0

𝑎1𝑎2

(𝑎1 + 𝑎2)
[𝜉1𝜉2 exp(2𝜅ℎ) −

1

4
(𝜉1

2 + 𝜉2
2)exp (−2𝜅ℎ)] 

where 𝜉1 and 𝜉2 are zeta potential of particle 1 and 2, respectively; 𝜅 is inverse Debye length (m-

1), which can be calculated using following equation: 

𝜅 = (
2𝑁𝐴𝑒2𝐼

𝜀𝜀0𝑘𝐵𝑇
)

1/2

 

 

The Hamaker constant of a material in vacuum can be estimated based on their surface free energy 

using the equation: 
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𝐴11 = 6𝜋𝐿2γ𝑑 

where L is the separation distance; the value of 6𝜋𝐿2  was at about 1.44 × 10−18 m2 for most 

materials (Luo et al., 2018); γ𝑑 is dispersion component of the surface free energy. The value of 

surface free energy and Hamaker constant used in the calculation was provided in Table 5-3. 

 

Table 5-3. Parameter used for DLVO calculations 

Symbol Parameter MP type Reference 

  PE PTFE PU  

γ𝑑  Dispersion component 

of the surface free 

energy (J/m2) 

32.8 21.3 30.8 (Jańczuk et al., 1989; 

Owens and Wendt, 

1969; Ryntz and 

Yaneff, 2003) 𝐴11  Hamaker constant of 

MP in vacuum 

4.7×10-20 2.5×10-20 4.4×10-20 

𝐴132  Hamaker constant of 

MP in water 

1.2×10-21 6.3×10-22 3.3×10-22 

 

 

5.2. Results and Discussion 

 

5.2.1. Effects of Freezing Conditions on Microplastic Behavior 

Studies have shown that large quantities of MPs become trapped in seasonal ice. It has been 

estimated, for instance, that the mass of MPs stored in sea ice is equal to that of MPs dispersed in 

the world’s oceans (Kim et al., 2021). In the freshwater environment, MP abundance can be several 

times higher within the ice than in sub-ice water during the winter (Liu et al., 2023; Zhang et al., 

2022). Moreover, the freezing process has the potential to alter the properties of MPs via physical 

compression or enhanced oxidation (Tian et al., 2022), but no studies have been implemented to 

investigate the freezing effect on MPs. Accordingly, in this study, MPs were characterized before 

and after freezing in order to observe the impact of freezing on MP behavior. Samples were 



86 

extracted from the midst of the dispersions immediately following the magnetic stirrer 

homogenization process. The mean particle size and volume concentration of MPs, assessed using 

the LD method, are presented in Figure 5-1a, and 5-1b, respectively. Figure 5-1c, meanwhile, 

shows the mass concentration of MPs, determined through elemental analysis. To assess the 

influence of freezing conditions on MP behavior, two control groups were established: one 

evaluated immediately after sample preparation (Control-1) and the other after standing for 24 h 

(Control-2), thereby accounting for any potential effects of time. 

 

All samples exhibited an increase in mean MP particle size after freezing relative to the control 

groups. The mean particle size of PE was 7.64 µm for Control-1, 8.07 µm for Control-2, and 11.14 

µm for the freezing group. While being allowed to stand for 24 h (i.e., Control-2) did not 

significantly affect the mean particle size of PE, 24 h of freezing resulted in a 45.8% increase in 

mean particle size (i.e., for the freezing group relative to Control-1). This outcome underscores the 

impact of freezing, as opposed to mere prolonged standing, on PE particles. Freezing was also 

found to influence the mean particle size of PTFE, while Control-2 exhibited a significant increase 

in particle size compared to Control-1. This observation can be attributed to the unstable dispersion 

of PTFE in water, where the mean particle size of PTFE increased due to the aggregation of PTFE 

particles during extended standing. This behavior is consistent with the measured zeta potential of 

PTFE as presented in Figure 5-1d, (i.e., respective readings of −18.2 and −17.0 mV before and 

after freezing). Conversely, the change in mean particle size was not as pronounced in the case of 

the hydrophilic MP, aliphatic PU, as in the case of the two hydrophobic MPs. With a high zeta 

potential of −42.4 mV, the mean particle size differed only slightly between Control-1 and Control-

2, pointing to the stability of PU during extended standing. Furthermore, the mean particle size of 

PU increased by only 9.0% for experimental group relative to Control-1, a significantly smaller 
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increase compared to the other two MPs. This can be attributed to the hydrophilic surface of PU, 

which reduces hydrophobic interactions between particles, facilitating MP dispersion upon thawing 

after aggregation induced by physical compression from growing ice crystals. 

 

 

 

Figure 5-1. The (a) mean particle size, (b) volume concentration, and (c) mass concentration of 

MPs in both control groups and after freezing in freshwater. Control-1 represents the samples 

measured immediately following their preparation, while Control-2 denotes samples that were 

allowed to stand for 24 hours at 4 °C, corresponding to the duration of freezing in the experimental 

group. 
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The freezing of MPs can also alter the stability of MPs in water. As shown in Figure 5-1b and 5-

1c, variations in MP concentration had differing effects after freezing depending on the type of MP. 

For instance, there were marked increases in both volume and mass concentrations of PE after 

freezing, in contrast to the two control groups. The volume concentrations for Control-1, Control-

2, and the freezing group were 8.28, 7.84, and 9.66 µL/L, respectively, while the corresponding 

mass concentrations were 8.23, 8.04, and 8.93 mg/L. An increase in MP concentration after 

freezing was only observed in the case of PE, with no such increase observed for the other two 

polymer types. This rise in MP concentration after freezing can be attributed to the freezing-

induced wetting transition of the hydrophobic surface (Lambley et al., 2023). PE-MPs do not easily 

become fully dispersed in water, even with the aid of Tween 20 surfactant and high-speed 

homogenization. As a result, some PE-MPs adsorb to the air/water interface due to the 

hydrophobicity of PE that has been allowed to stand for several minutes post-homogenization. 

Freezing can then result in the penetration of the water into the textured surface of the MP particles 

due to the pressure exerted by growing ice crystals, thereby promoting surface wetting (Lambley 

et al., 2023). In this study, the surfactant molecules expelled by the ice were compressed together 

with MPs, and enhanced the wetting process.  

 

To simulate environmental conditions involving natural dissolved organic matter, sodium alginate 

was used to disperse the MPs, and then examined if the same phenomenon observed in the case of 

surfactant-assisted dispersion would occur (Figure 5-2). A similar trend was observed, where 

increased concentration and particle size were noted after freezing. However, it is important to note 

that the measured concentration remained lower compared to the dispersion prepared using Tween-

20. This lower concentration, compared to surfactant-aided dispersion, is attributable to the less 

efficient dispersion achieved due to the relatively weak surface activity of sodium alginate. 
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Figure 5-2. (a) Mean particle size, (b) volume concentration, and (c) mass concentration of PE-

MPs dispersed with sodium alginate in control group and after freezing in freshwater. 

 

PTFE was found to exhibit distinct behaviors after freezing, with the volume concentration and 

mass concentration of PTFE showing different trends. The volume concentration of PTFE was 1.21 

µL/L for Control-1, 1.51 µL/L for Control-2, and 1.08 µL/L for the freezing group, while the 

corresponding mass concentrations were 8.74, 8.03, and 5.33 mg/L, respectively. The different 

trend between volume and mass concentration can also be attributed to the unstable dispersion of 

PTFE, leading to unreliable volume concentration readings when employing the LD method. The 

LD method, it should be noted, entails measuring the Brownian motion of particles in a solution 

and relating it to particle size. However, in an unstable particle dispersion, the Brownian motion is 

disrupted by the sedimentation of particles (Karmakar, 2019). In comparison, the mass 

concentration measured directly based on the total carbon analysis is more reliable in such cases.  
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A reduction in mass concentration of PTFE was accompanied by an increase in the mean particle 

size, driven by particle aggregation. This aggregation led to the gradual formation of flocs over 

time, with freezing exacerbating aggregation in comparison to the 24-h standing period. These 

formed flocs, owing to the substantial density of PTFE, resisted dispersion through magnetic stirrer 

homogenization and promptly settled following the stirring process. Also of note, the change in the 

behavior of the hydrophilic polymer, PU, after freezing was found to be relatively minor compared 

to that of the two hydrophobic MPs. Mean particle size presented a similar case, where freezing 

did not exert a significant influence on the stability of the PU-MP dispersion. The mass 

concentrations of PU were 11.00, 10.43, and 10.46 mg/L for Control-1, Control-2, and the freezing 

group, respectively.  

 

The impact of freezing on the hydrophobicity of MPs was investigated by measuring the water 

contact angle of MPs before and after 7-day freezing in DI water and 35 practical salinity unit (PSU) 

saline water (Figure 5-3). There is no significant difference between control (Control-2 that 

standing for 24 h without freezing), freezing in DI water, and freezing in 35 PSU saline water, for 

PE and PTFE, but an increase in water contact angle was observed for PU; the figures were 64.9°, 

86.5°, and 87.2° for control, freezing in DI water, and freezing in 35 PSU saline water, respectively. 

The results suggest that the freezing did not significantly affect the hydrophobicity of MPs.  
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Figure 5-3. Water contact angles of pristine MPs, MPs following freezing in freshwater, and MPs 

after freezing in 35 PSU saline water. 

 

The three polymers exhibited distinct behaviors when subjected to freezing after being released 

from thawing ice. Freezing increased the particle size of all the MP particles due to the physical 

compression within freshwater ice. However, the changes in concentration varied depending on the 

type of polymer. PE exhibited an increase in concentration after freezing, presumably attributable 

to enhanced surface wetting caused by ice crystal compression. In contrast, despite also being 

highly hydrophobic, PTFE exhibited a significant reduction in concentration after freezing. This 

reduction is attributable to PTFE’s surface charge being too low to provide sufficient electrostatic 

repulsion between particles to keep them suspended, resulting in aggregated PTFE settling rapidly 

due to its high density. On the other hand, the hydrophilic MP—i.e., PU—exhibited relatively 

stable behavior before and after freezing. This stability can be attributed to its hydrophilic surface 

and neutral buoyancy, which allow the aggregated particles to disperse easily and maintain stable 

dispersion. In addition, the zeta potential and hydrophobicity of the MPs did not demonstrate a 
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significant change before and after freezing, which suggests that freezing did not result in a 

significant change in the surface properties of the MPs. 

 

5.2.2. Effects of Salinity on Behavior of Frozen Microplastics upon Release 

Salinity plays a crucial role in governing the behavior of suspended particles in water by affecting 

the compression of the electrostatic double layer (Wang et al., 2023). The reduction in electrostatic 

repulsion due to increased salinity can accelerate particle aggregation and disrupt particle stability. 

Moreover, salinity influences the entrainment of MPs in ice, as the formation of brine channels 

between ice crystals creates narrow spaces in the ice in which for MP entrapment to occur (Chen 

et al., 2023d; Pradel et al., 2021b). Salinity levels in natural water bodies can range from less than 

0.5 to 35 PSU, with estuarine regions experiencing particularly pronounced variations over short 

distances (Telesh and Khlebovich, 2010). Given the variability of salinity levels in natural 

environments, this study examined the impact of different salinity levels ranging from freshwater 

to seawater (35 PSU) as part of our investigation of the effects of freezing on MP behavior (Figure 

5-4). As the results presented in the previous section demonstrate, little difference was observed 

between the Control-1 and Control-2 groups, the control group in the following sections are only 

Control-2 that standing for 24 h without freezing. 

 

With the addition of NaCl in water, the behaviour of MPs before and after freezing changed very 

differently depending on the types of polymers. As discussed in previous section, the freshwater 

ice crystal compresses the particle together, resulting in the increase in mean particle size. However, 

the mean particle size of PE after freezing was dramatically dropped from 11.40 to 8.17 µm when 

increasing the salinity from 0 to 5 PSU. The freezing did not pose significant change in mean 

particle size at 5 PSU compared to the control group with mean particle size of 7.90 µm. The results 
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indicate that the compression of particle mainly occur in freshwater ice and ice form in water with 

5 PSU can generate space via brine network within ice structure, avoid the increase in the particle 

size via aggregation of particles.  

 

 

 

Figure 5-4. Change in mean particle size and concentration after freezing under different salinity. 

Mean particle size, volume concentration, and mass concentration for (a–c) PE, (d–e) PTFE, and 

(g–i) PU, respectively.  
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The effects of salinity on the behavior of MPs in ice has been observed in previous studies as well 

(Pradel et al., 2021b). For instance, Chen et al. (2023d) investigated the effects of salinity on the 

entrainment of MPs in ice, finding that a salinity of 2 PSU significantly increased the enrichment 

factor of PE-MPs in ice from 0.64 to 1.71, but that a further increase in salinity did not enhance the 

incorporation of MPs in ice. Similarly, in the present study, further increasing the salinity level 

beyond 5 PSU did not have a significant impact on the mean particle size, only causing a slight 

increase in the mean particle size of PE after freezing. However, there was an increasing trend in 

the mean particle size in the control group with rising salinity. This phenomenon can be attributed 

to the inhibitory effects of ionic strength on the electrostatic double layer, resulting in the 

aggregation of MPs. It is notable that the mean particle in the PE control group was greater than 

that of the freezing group at salinities of 10, 20, and 35 PSU. This observation can be attributed to 

the stabilizing effect of ice crystals within the brine channels, which provide ample space for the 

particles to immobilize without being compressed together. In contrast, the PE-MPs in the control 

group gradually aggregated over time due to limited electrostatic repulsion. This observation was 

substantiated by the increase in mean particle size as salinity levels increased in the case of the 

control group. 

 

In terms of MP concentrations, the volume concentrations of PE demonstrated a similar trend under 

effect of salinity; consistent with the results for mean particle size, the difference in volume 

concentration of PE between the freezing and control groups were only significant in the case of 

the freshwater. However, the difference between the freezing and control groups in freshwater was 

more significant for volume concentrations compared to mass concentrations. This may be 

attributable to the augmentation in particle size resulting from aggregation induced by freezing, 

which can lead to an overestimation of volume concentrations when measured using the LD method 
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(Wang et al., 2023). As discussed in Section 5.2.1, the increase in PE concentration after a freezing–

thawing cycle in freshwater can be attributed to wetting alterations enhanced by ice crystal 

compression. However, the introduction of salinity creates brine channels that mitigate the pressure 

generated by ice crystal growth. Consequently, the increased mean particle size and concentration 

due to the physical compression in freshwater freezing are eliminated after the addition of salt to 

the water. 

 

The PTFE-MPs exhibited different behaviors than the PE-MPs after freezing under varying salinity 

levels. The mean particle size of PTFE in the freezing group was found to be larger than that in the 

control group across the 0–10 PSU range. However, when the salinity increased from 0 to 5 PSU, 

the mean particle size of PTFE in the freezing group only decreased by 11.8%, from 11.56 µm to 

10.34 µm, whereas PE-MPs experienced a more significant drop of 47.9%. This difference can be 

attributed to differences in water stability between these two polymers: PTFE aggregates more 

rapidly than PE due to its lower surface charge. Some large PTFE aggregates may form before 

freezing, meaning that aggregation is primarily driven by surface charges rather than by the 

physical pressure of freezing in freshwater. Due to the instability of PTFE dispersion, the relatively 

large error bars in particle size measurements at 20 and 35 PSU demonstrate that the difference in 

mean particle size between the control and freezing groups was not significant (paired t-test, p > 

0.05 for effect of freezing). Additionally, the mass concentration of PTFE suggests that freezing 

exacerbates particle instability by promoting aggregation. Within the 0–20 PSU range, the mass 

concentration was lower in the experimental groups than in the control group. 

 

The effect of salinity under the impact of freezing was similar for PU-MPs to the effect observed 

in the case of PE-MPs. The increase in mean particle size under the impact of freezing observed in 
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the case of freshwater ceased with the addition of salt. The increase in volume concentration after 

freezing in freshwater, meanwhile, is attributable to the overestimation of volume concentration 

due to the increased particle size when employing the LD method. The mass concentration of PU-

MPs after freezing differed little from that that of the control group across salinity levels, indicating 

that the impact of freezing on PU-MPs is negligible. 

 

In summary, the impacts of freezing on the behavior of MPs can primarily be attributed to 

accelerated aggregation caused by ice-formation-induced pressure. However, this compression is 

mitigated when salt is present in water, creating brine channels. Consequently, the impact of 

freezing on MP behavior can be significant in freshwater, but relatively minor in saltwater. It is 

worth noting that our study used a 24-h freezing time to assess the impact of freezing, whereas, in 

natural environments, frozen periods can extend for much longer durations. For instance, ice floes 

in the Arctic can endure for several months to years (Perovich and Richter-Menge, 2009). Under 

prolonged freezing, gravity drainage leads to the expulsion of brine from within the sea ice structure, 

progressively diminishing the salinity of ice over time. This process leads to modifications in the 

ice structure that can affect the physical characteristics of ice, including permeability, strength, and 

thermal conductivity (Hunke et al., 2011; Turner et al., 2013). These alterations may affect the MPs 

trapped within the sea ice. 

 

5.2.3. Role of Freezing in the Stability of Microplastics 

 

To further investigate the impact of freezing on the stability of MPs, an experiment was conducted 

to examine the settling and flotation of MPs over time (Figure 5-5). All experiments were 

conducted in freshwater conditions only, as the results in Section 5.2.2 indicate that freezing in 
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saltwater conditions does not significantly alter the properties of MPs relative to those observed in 

freshwater conditions. 

 

MPs naturally settle or float over time, depending on their density. Samples were extracted from 

the central section of the dispersion to assess alterations in mean particle size and concentration 

over time. All the dispersions exhibited a decrease in mean particle size and concentration over 

time due to settling and flotation processes. Larger particles are more influenced by gravity, leading 

to a higher settling/rising speed and, consequently, a gradual reduction in particle size within the 

dispersion's center. However, the mean particle size in the freezing group consistently exceeded 

that of the control group for all MPs. This observation further supports the assertion that aggregates 

forming during freshwater ice formation are not easily dispersed upon the introduction of 

turbulence in water.  

 

Additionally, changes in particle size can have a physical impact on the stability of MPs in water. 

After freezing, the PE-MPs demonstrated higher concentrations compared to the control group 

during the early stages of the experiment. The freezing group consistently exhibited significantly 

higher volume concentrations throughout the 0 to 8-h period than the control group. Regarding 

mass concentration, the freezing group had a higher concentration than the control group from 0 to 

4 h, although the difference was not statistically significant. The improvement in the dispersion of 

PE-MPs may be attributable to the wetting transition of MPs induced by freezing. However, 

freezing also increased the mean particle size, accelerating aggregation and thereby affecting the 

stability of PE-MPs. After 16 h, the concentration of PE in the control group exceeded that in the 

freezing group, indicating a rapid rising speed of PE-MPs in the freezing group due to their larger 

particle size. 
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Figure 5-5. Change in mean particle size and concentration after freezing with time. Mean particle 

size, volume concentration, and mass concentration for (a–c) PE, (d–e) PTFE, and (g–i) PU, 

respectively. PTFE uses a different scale on the x-axis due to its rapid settling compared to the 

others.  

 

PTFE, despite being a hydrophobic MP like PE, has a much higher density of 2.2 g/cm³. 

Additionally, compared to PE and PU, PTFE has a much lower absolute value of zeta potential, 

resulting in a significantly faster drop in concentrations in the middle of the dispersion. Therefore, 

only the first 100 minutes were studied for PTFE. The settling of PTFE demonstrated a consistent 

decline over time, but the concentration in the freezing group consistently remained higher than 
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that in the control group during the 100-min period. Additionally, some PTFE-MPs were observed 

floating on the water surface in the control group, whereas this phenomenon was much less 

prevalent in the freezing group. A similar phenomenon was observed in the case of PE-MPs (Figure 

5-6). However, unlike PE, PTFE did not exhibit a higher concentration in the freezing group than 

that in control group at the beginning of the experiment. This difference between these two 

polymers can be attributed to the rapid settlement of aggregated PTFE particles. The wetting 

alteration of PTFE particles induced by freezing caused more of them to move from the water 

surface into the water. Nevertheless, the aggregation process during freezing also accelerated the 

settling speed, which counteracted the expected increase in concentration resulting from enhanced 

wetting. 

 

PU is a non-buoyant polymer with a density of 1.05 g/cm³, slightly heavier than water. The increase 

in mean particle size in the freezing group was not as significant for the PU-MPs as for the two 

hydrophobic MPs due to the easy dispersion of aggregates resulting from its hydrophilic surface. 

Nevertheless, the increase in mean particle size also accelerated the settling of PU-MPs. The t-test 

analysis demonstrated that both the volume and mass concentrations were significantly lower in 

the freezing group than in the control group (p < 0.05). 

 

The results of the settling/rising experiment demonstrate the impact of freezing on the stability of 

the MPs. Although the freezing in freshwater can enhance the wetting of hydrophobic MPs and 

result in more MPs dispersing in the water, the freezing-induced aggregation increases the size of 

MP particles and thus accelerates their settling/flotation, leading to less stability in the long term. 
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Figure 5-6. Comparative photographs of PE-MPs dispersion illustrating particle aggregation 

observed 30 minutes post-homogenization with a magnetic stirrer: (a) Control group without 

exposure to freezing, and (b) Sample subjected to freezing in freshwater. 
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5.2.4. Theoretical Explanations for the Effects of Freezing on MP Behaviors 

 

To gain a deeper understanding of the mechanism underlying the behavioral alterations caused by 

freezing, theoretical calculations were conducted to analyze settling/rising velocities and 

interactions among the MPs. The theoretical settling/rising velocities and Péclet numbers of MPs 

before and after freezing are presented in Figure 5-7a and 5-7b. The Péclet number, it should be 

noted, is employed to assess the balance between buoyant forces acting on a particle and diffusive 

forces arising from Brownian motion. A Péclet number less than 1 indicates that Brownian motion 

is the dominant force affecting particle motion, while a Péclet number greater than 1 suggests that 

buoyant forces are governing particle behavior. The critical particle size at Péclet number of 1 is 

primarily influenced by the density difference between the particle and the surrounding medium. 

 

In this study, PTFE exhibited the lowest critical particle size among the MPs (1.28 µm) due to its 

higher density compared to the other two polymers. The critical particle sizes for PE and PU when 

their Péclet number equaled 1 were 3.21 and 2.83 µm, respectively. However, it is important to 

note that all of the MPs used in this study had relatively large mean particle sizes, indicating that 

buoyant forces predominated their behavior in water. This is supported by the relatively rapid 

decrease in concentration in the central part of the dispersion within one day as observed in the 

experiment. 

 

With the increase in particle size caused by freezing, the influence of buoyant force can increase, 

leading to acceleration in the settling/rising velocity. The predicted settling/rising velocity shown 

in Figure 5-7a is consistent with the experimental results described in Section 5.2.3 as part of the 

discussion of MP stability. The settling velocity of PTFE was observed to be several orders of 
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magnitude higher than that of the other two polymers owing to the significant difference in density 

compared to the other two polymers. The predicted velocities for PE, PTFE, and PU in the control 

group were 0.08 m/day (rising), 14.22 m/day (settling), and 0.08 m/day (settling), respectively. 

Furthermore, the increase in particle size resulting from freezing in freshwater strengthened the 

dominance of buoyant forces acting on these MPs. The rising velocity of PE increased to 0.18 

m/day, while the settling velocities of PTFE and PU increased to 37.05 and 0.10 m/day, respectively. 

 

 

Figure 5-7. (a) Theoretical settling/rising velocity, (b) Péclet numbers, and (c) DLVO interaction 

energy of MPs before and after freezing. 
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DLVO analysis was employed to evaluate the aggregation and kinetic stability of MPs, with the 

results presented in Figure 5-7c. To investigate the effects of freezing in freshwater, an ionic 

strength of 0.02 mol/L was used in the DLVO analysis, given that the salinity in freshwater systems 

typically falls below 0.5 PSU. Due to the low ionic strength, all MPs exhibited energy barriers 

between particles, and for this reason they were subject to electrostatic repulsion resulting from the 

electrostatic double layer surrounding the particles. The magnitude of these energy barriers, which 

must be overcome for MP aggregation, varied depending on the polymer type, and the results of 

the DLVO analysis were consistent with the experimental findings. The energy barriers between 

MPs were strongest in the case of PE, followed by PU and then PTFE.  

 

The influence of increased particle size on interaction energy was also examined. It was found that 

freezing did not affect the surface charges on the MP surface, but that it did result in an increased 

mean particle size for the MPs. The findings of the DLVO analysis indicate that the increased 

particle size could lead to a greater energy barrier between particles, hindering their aggregation. 

The theoretical explanation would be that this occurred because the increased particle size led to a 

more pronounced electrostatic repulsion force relative to the van der Waals force. However, the 

experimental results demonstrated that the MPs settled or rose at a faster rate after freezing. This 

discrepancy can be attributed to the fact that the DLVO analysis did not account for the influence 

of gravity, which becomes significant for colloidal particles larger than 1 µm. 

 

In summary, the theoretical calculations effectively describe the changes in the stability of MPs 

observed before and after freezing in freshwater. The increase in settling/rising velocity of MPs 

after freezing is primarily attributable to the increased particle size, which strengthens the 

dominance of gravity over Brownian motion. While freezing does not alter the surface charges of 
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the MPs, and they still exhibit substantial electrostatic repulsion, the prevailing gravitational forces 

cause the MPs to rapidly settle or rise based on their density. Hence, the stability changes brought 

about by freezing can significantly affect the environmental fate of MPs entrapped in ice and 

subsequently released during thawing. 

 

5.2.5. Environmental Implications 

The entrapment and enrichment of MPs in ice have been observed through environmental sampling 

in both freshwater and seawater contexts. Studies have shown that MPs can be several orders of 

magnitude more abundant in ice than in sub-ice water. MPs can be temporarily stored in the ice for 

durations ranging from months to years and then released back into the environment upon thawing. 

Although some studies have investigated the impacts of freezing on MPs in porous media and their 

transport, the influence of the freeze–thaw process on the behavior of MPs in aqueous 

environments has yet to be reported on in the literature (Koutnik et al., 2022; Li et al., 2023). 

Understanding the impact of freezing on MPs in aquatic environments can bridge the existing 

knowledge gap regarding the behavior of MPs, thereby facilitating the development of strategies 

to mitigate their threats in cold regions. This study thus examined the effect of freezing on the 

subsequent behavior of MPs (after thawing), with consideration given to polymer properties and 

salinity level.  

 

Freezing of MPs in freshwater ice results in the aggregation of MP particles due to physical 

compression, leading to an increase in particle size once the MPs are released from the ice. In our 

experiment, aggregated MPs were not dispersed by high-speed homogenization using a magnetic 

stirrer, indicating that MP aggregates formed through freezing are resistant to turbulent flows in 

natural environments. Moreover, the particle size increase is more pronounced for hydrophobic 
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MPs (i.e., PE and PTFE) compared to hydrophilic MPs (i.e., PU), suggesting that hydrophobic 

interactions in water contribute to stronger aggregation, whereas hydrophilic particles are more 

readily dispersed once released back into the water. Additionally, the increase in particle size 

significantly affects the stability of MPs in water. Although freezing does not alter the MPs' surface 

charges, the freezing-induced aggregation enhances buoyancy effects, accelerating the 

settling/rising velocity of MPs in water. Furthermore, an increase in the concentration of PE in 

water post-freezing was observed. The hydrophobicity of hydrophobic MPs typically facilitates 

their attachment to the air/water interface, even for nonbuoyant hydrophobic MPs such as PTFE. 

Moreover, physical compression during the freezing process enhances the wetting of hydrophobic 

MPs, leading to improved dispersion in water and reduced surface affinity. This alteration in 

wetting due to freezing could significantly influence the environmental fate of MPs, increasing 

their mobility and potential ingestion by marine organisms, thus, enter in a food chain. Many 

studies have demonstrated the toxicity of MPs for benthic fauna, and the MPs in sediment can 

affect biogeochemical processes by reducing the bioturbation activities of benthic fauna due to 

their toxic effects (Green et al., 2017; Wazne et al., 2023). 

 

The impact of freezing varies with salinity. While freezing in freshwater affects MP behavior, no 

significant impact on particle size and stability was observed in saline water compared to control 

groups in our experiment. Moreover, the presence of salt leads to the formation of a brine network 

within the ice structure due to brine rejection, providing space for, and reducing pressure on, MPs 

entrapped by growing ice crystals. It should be reiterated in this regard that our study only 

considered the impact of short-term freezing, whereas multi-year ice, common in natural 

environments, undergoes gravity drainage that gradually reduces ice salinity and redistributes 
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particles within the porous ice structure, potentially altering particle properties and leading to the 

discharge of particles stored within ice (Johnston, 2017; Petrich and Eicken, 2010). 

 

While this study examined the interactions and aggregation of MP particles under freezing 

conditions, aggregation between MPs and other naturally suspended particles in aqueous 

environments has been observed in several previous studies (Li et al., 2019; Yang et al., 2022b). 

The heterogeneous aggregation between MPs and other particles can be further intensified under 

freezing conditions, exerting a significant impact on the environmental fate of MPs by altering their 

density, size, and surface properties. Furthermore, recent studies have found that MPs trapped in 

sea ice may be ingested by ice algae and rapidly settle after melting (Bergmann et al., 2023). This 

indicates that freezing may accelerate the accumulation of MPs in the sediments of cold region 

waters, thereby impacting the polar ecosystems (Bergmann et al., 2023). MPs sequestered in 

seasonal or long-term ice may rapidly settle into sediments in polar and other cold region waters 

upon release. Our study provides a theoretical foundation for researching the behavior of MPs in 

cold regions. Against the backdrop of climate change, substantial quantities of MPs are being 

reintroduced into water, with the properties of entrapped MPs potentially undergoing complete 

alteration during freezing, yet there remains limited knowledge regarding the transport and 

behavior of MPs in cold regions, necessitating further exploration. 

 



 __________________________________________  

This chapter is based on a manuscript that has been submitted to Water Research (Elsevier), Under Review, 
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Chapter 6. Utilizing Electrosorption for Efficient Removal of Polyethylene Microplastics 

from Water: Critical Factors and Mechanistic Insights 

 

6.1. Materials and Methods 

 

6.1.1. Chemicals and Materials 

Polyethylene (PE) with mean particle size ranging from 3–5 µm was used as model MP in this 

study. 5 mg MP was added into 1 L DI water with 5 µL 1:10 diluted Tween 20 to prepare 5 mg/L 

MP dispersion. The mixture was then homogenized with high-speed homogenizer at 14000 rpm to 

obtain the MP dispersion for the further MP removal tests. Graphite felt (GF) used for the electrodes 

were purchased from Tianwang Graphite Products Co., Ltd. (Dongguan, China). The reactor 

chamber is constructed from acrylic board and has internal dimensions of 45×60×125 mm. It 

includes 3 mm slots for electrodes, with a 3 mm distance between each slot. The inlet and outlet of 

the chamber are located on either side of the. Inlet and outlet can be closed when the water 

circulation system is not in use. The details of the reactor chamber are shown in the Figure 6-1.
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Figure 6-1. The schematic diagram of the ES system for MP removal with water. 
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6.1.2. Electrosorption Experiments 

ES experiments aimed at removing MPs were conducted in a reactor chamber, using GF electrodes 

as both the cathode and anode. These experiments were performed under two conditions: with and 

without water circulation. In the setup without water circulation, 200 mL of MP dispersion was 

introduced into the chamber, with the electrodes spaced 30 mm apart. The ES experiments with a 

water circulation system used a peristaltic pump to facilitate water movement. A beaker containing 

1 L of MP dispersion served as the reservoir, from which water was pumped into the reactor 

chamber at flow rates ranging from 15 to 80 mL/min before being returned to the reservoir. In this 

setup, the distance between the cathode and anode was reduced to 15 mm. For the setup with water 

circulation. 5–20 mM of KNO₃ was employed as electrolyte. To monitor the MP concentration, 

turbidity, and pH levels within the system, 15 mL samples were collected from both the reservoir 

and the outlet every 30 min. In the no-circulation setup, samples were taken from the middle of the 

reactor chamber every 30 min. The volume concentration and particle size of the MPs were 

measured using a LISST-200X (Sequoia Scientific, USA) via laser diffraction. The removal rate of 

MPs was calculated by dividing the post-treatment MP concentration by the pre-treatment 

concentration. 

 

6.1.3. Experimental Design and Characterization 

To investigate the factors influencing the removal rate of MPs in the ES system, a series of single-

factor experiments were conducted for both the non-circulation and circulation systems. Factorial 

analysis is a statical method to determine the effects of multiple variables on a response, which has 

been widely applied in the experiment design (Chen et al., 2023b). A two-level full factorial design 

was employed to investigate the effects of various parameters—electric potential, flow rate, and 
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electrolyte concentration—along with their interactions on the removal rate within the circulation 

system. Details of the experimental design are summarized in Table 6-1.  

 

 

Table 6-1. Factorial design matrix and the corresponding removal efficiency. 

Numbe

r 

Coded levels A B C pH Removal 

efficienc

y (%) 

 A B C 

Applied 

voltage 

(V) 

Flow rate 

(mL/min

) 

Electrolyte 

concentratio

n (mM) 

Before 

treatment 

After 

treatment 

 

1 −1 −1 −1 3 30 5 5.35 5.15 62.6 

2 −1 −1 −1 3 30 5 
5.41 6.3 

80.8 

3 −1 −1 −1 3 30 5 5.39 5.26 80.4 

4 −1 −1 1 3 30 20 5.36 4.08 91.8 

5 −1 −1 1 3 30 20 5.33 4.48 98.0 

6 −1 −1 1 3 30 20 5.33 5.62 91.8 

7 −1 1 −1 3 80 5 5.35 4.95 83.0 

8 −1 1 −1 3 80 5 5.42 4.89 85.7 

9 −1 1 −1 3 80 5 
5.4 4.83 

88.4 

10 −1 1 1 3 80 20 5.36 4.84 98.3 

11 −1 1 1 3 80 20 5.52 4.66 97.5 

12 −1 1 1 3 80 20 5.3 4.99 96.4 

13 1 −1 −1 6 30 5 5.48 6.28 66.1 

14 1 −1 −1 6 30 5 5.22 5.28 82.5 

15 1 −1 −1 6 30 5 5.48 5.38 69.1 

16 1 −1 1 6 30 20 5.5 5.52 82.4 

17 1 −1 1 6 30 20 5.48 5.77 95.3 

18 1 −1 1 6 30 20 5.58 6.05 94.1 

19 1 1 −1 6 80 5 5.33 5.6 95.4 

20 1 1 −1 6 80 5 5.3 4.4 92.3 

21 1 1 −1 6 80 5 5.48 3.82 93.9 

22 1 1 1 6 80 20 5.31 6.1 98.5 

23 1 1 1 6 80 20 5.51 6.25 98.5 

24 1 1 1 6 80 20 5.33 5.63 94.9 
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The zeta potential of the MP dispersion was measured by Malvern Zetasizer Nano ZS (Malvern, 

UK). Scanning electron microscope (SEM; Hitachi S-3400N, Japan) equipped with energy 

dispersive X-ray spectroscopy (EDS) was used to observe the surface of both pristine and used 

electrodes to examine the adsorption of MPs onto the electrodes. The electrochemical 

characteristics of the system, including electrochemical impedance spectroscopy (EIS) and cyclic 

voltammetry (CV), were characterized by the Autolab workstation (Metrohm, Switzerland). The 

CV and EIS analysis were performed using the same cell as in the ES experiment, with 200 mL 5 

mg/L PE MP at 5 or 20 mM KNO3 without water circulation. EIS was measured with a fixed 

amplitude of 50 mV, and the frequency ranged from 0.01 to 105 Hz.  

 

6.1.4. Theorical Calculations 

Theoretical calculations were conducted to help explain the effect of electrochemical parameters 

on the removal efficiency of MPs observed in the experiments. The Derjaguin, Landau, Verwey, 

and Overbeek (DLVO) theory, which considers van der Waals and electrostatic forces between 

particles, is commonly used to elucidate the kinetic stability and coagulation behavior of colloidal 

systems (Feng et al., 2022b). In this study, the GF fiber has a diameter of approximately 9 µm, 

while the average particle size of the MPs is about 5 µm. Given the relatively small size difference 

between the fibers and particles, a particle-particle model was employed to examine the interaction 

energy between MP particles and between the electrode and MP particles. The total interaction 

energy is calculated as the sum of the van der Waals and electrostatic interaction energies (Butt et 

al., 2023; Chen et al., 2024). The van der Waals interaction energies are calculated using the 

following equation: 
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𝑈132
𝑣𝑑𝑤 =

−𝐴132𝑎1𝑎2

6ℎ(𝑎1 + 𝑎2)
[

1

1 +
11.12ℎ

𝜆𝑐

] 

where 𝑎1  and 𝑎2  represent the radii of the interacting particles (m); ℎ  denotes the separation 

distance between the two interacting particles (m); 𝜆𝑐 is the characteristic interaction wavelength, 

typically assumed to be 100 nm (Wang et al., 2022a). The Hamaker constant 𝐴131 , which 

characterizes the interaction between material 1 in medium 3, can be determined using the 

following equation: 

𝐴132 = (√𝐴11 − √𝐴33)(√𝐴22 − √𝐴33) 

where 𝐴11 and 𝐴22 represent the Hamaker constants for materials 1 and 2 in a vacuum, the values 

for PE and GF are 4.69 × 10-19 J and 8.80 × 10-20 J, respectively (Tsai et al., 1991). Additionally, 

𝐴33 is the Hamaker constant for water, which is 3.7 × 10-20 J (Feng et al., 2023). 

 

The electrostatic interaction energy can be determined using the following equation: 

𝑈132
𝑒𝑙 = 4𝜋𝜀𝜀0

𝑎1𝑎2

(𝑎1 + 𝑎2)
[𝜉1𝜉2 exp(−𝜅ℎ) −

1

4
(𝜉1

2 + 𝜉2
2)exp (−2𝜅ℎ)] 

Here, 𝜀0 is permittivity of free space and 𝜀 is relative permittivity of water. 𝜉1 and 𝜉2 represent the 

surface potentials of subject 1 and 2, respectively (V). 𝜅 is inverse Debye length (m-1), which can 

be calculated as: 

𝜅 = (
2𝑁𝐴𝑒2𝐼

𝜀𝜀0𝑘𝐵𝑇
)

1/2

 

where 𝐾𝐵  is the Boltzmann constant (1.38 × 10−23 J/K); and 𝑇  is the absolute temperature 

(298.15 K). The surface potential of the electrode can be estimated using the Grahame equation 

based on surface charge density (Butt et al., 2023): 
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𝜎 = √8𝑐0𝜀𝜀0𝑘𝐵𝑇 sinh(
𝑒𝜑0

2𝑘𝐵𝑇
) 

where 𝑐0 is bulk electrolyte concentration (n/m3) and 𝑒 represents elementary charge (1.60218 × 

10−19 C). 𝜎 is surface charge density (C/m2), which can be estimated by the integral area of the 

cyclic voltammogram. 

 

6.2. Results and Discussion 

 

6.2.1. MP Removal Using Electrosorption 

A static water tank was initially used to investigate the influence of various factors on the efficiency 

of MP removal by ES technology. The removal efficiency of MP using ES technology and the 

change of turbidity of MP dispersion with treatment time are demonstrated in Figure 6-2. Turbidity 

was used as an additional indicator of MP concentration in the water, as MPs were the only particles 

present in the system. The trends in the turbidity reduction curves are consistent with the removal 

efficiency observed during the treatment. The removal efficiency of MPs was found to depend on 

the electrolyte concentration and the applied voltage. In the static water tank, higher removal 

efficiency is positively correlated with increasing KNO3 concentration and voltage within the tested 

ranges. The highest removal efficiency achieved using ES was 89.0% at 20 mM KNO3 and 12 V 

after 150 min of treatment. In contrast, at a lower electrolyte concentration (5 mM KNO3), the 

removal efficiency remained relatively low across different applied voltages. After 150 min, the 

removal efficiencies of PE MP were 28.1%, 47.8%, and 59.4% for 3 V, 6 V, and 12 V, respectively. 

However, at 20 mM KNO3, these efficiencies can be improved to 42.1%, 59.3%, and 89.0% for 3 

V, 6 V, and 12 V, respectively.  
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The removal efficiencies exceed 80% at 12 V with both 10 and 20 mM KNO3, achieving 84.0% 

and 89.0% respectively. However, the shapes of these two curves exhibit different trends. With 10 

mM KNO3 at 12 V, the increase in removal efficiency appears more linear, with values of 27.3%, 

49.1%, 65.6%, and 83.0% at 30, 60, 90, and 120 min, respectively. In contrast, at 20 mM KNO3 

and 12 V, most of the MP removal occurred within the first 60 min, with removal efficiencies of 

51.3%, 77.5%, 81.5%, and 81.7% at 30, 60, 90, and 120 min, respectively. This indicates that while 

the maximum removal efficiency at 12 V is similar for both 10 and 20 mM KNO3 concentrations, 

the higher salt concentration (20 mM KNO3) accelerates the removal process. 

 

The effect of KNO3 concentration can be attributed to the interactive influences of electric double 

layer compression and increased solution conductivity. Higher ionic strength compresses the 

electric double layer on both the PE MP and electrode surfaces, reducing the distance over which 

electrostatic forces act (Jin et al., 2017; Torabi et al., 2023). This facilitates close proximity between 

MPs and the electrode surface, enhancing the removal. Additionally, the reduced electrostatic 

repulsion between MP particles promotes aggregation, making it easier for the aggregated particles 

to be trapped in the porous structure of the electrodes.  
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Figure 6-2. Removal efficiency and turbidity variation over treatment time using ES at 5, 10, and 

20 mM KNO3. 



116 

A similar trend has been  observed in  the removal of clay particles or organic pollutants using ES 

(Torabi et al., 2023; Xie et al., 2018). The mass of adsorbed solids on carbon felt electrodes during 

ES increased with salt concentration (NaCl, KCl, CaCl2, and Na2CO3), although this increase 

peaked and subsequently  declined with further salt additions (Xie et al., 2018). Torabi et al. (2023) 

found that using ES with carbon sheet electrodes for the removal of 4-chlorophenol achieved the 

highest removal rate at an ionic strength of 0.86 mM (adjusted with NaCl), which decreased with 

further increases in ionic strength. The decline in removal efficiency at higher ionic strengths can 

be attributed to the predominance of electrolysis reactions (Xie et al., 2018). Furthermore, high 

ionic strength can lead to the competitive adsorption between MP particle and ions (Lissaneddine 

et al., 2022). Although a decline in removal efficiency was not observed within the selected range 

of KNO3 concentrations in this study, it is possible that further increases in ionic strength could 

result in such a decline. The threshold at which this decline occurs can vary depending on the type 

of electrolyte used. 

 

6.2.2. Removal of Microplastics Through Electrosorption with Flow-Through Cell 

Flow-through electrochemical cell is widely designed and used for the electrochemical treatment 

of water contaminants. The effect of hydraulic forces can be an important factor affecting the 

performance of ES. To explore this, a flow-through reactor with water circulation was developed 

to examine how flow rate influences the removal efficiency of MP using ES. The flow direction 

was firstly investigated to find the optimal direction for MP removal and the results are shown in 

Figure 6-3. It was found that flow from anode-to-cathode resulted in a significantly higher removal 

rate compared to flow from cathode-to-anode. This difference can be attributed to the electrostatic 

repulsion force between the negatively charged MPs and the cathode. When the flow direction is 



117 

from cathode to anode, the cathode interferes with the movement of the MPs, hindering their 

adsorption onto the anode. 

 

 

Figure 6-3. Comparison of the effect of flow direction on MP removal, measured by the change in 

turbidity over treatment time. Conditions: 6V, 10 mM KNO3, and 30 mL/min flow rate. 

 

The removal efficiency of MP was calculated based on samples collected from both the reservoir 

tank and the outlet water from reactor, with results shown in Figure 6-4. It can be found that flowing 

water can accelerate the removal of MP, with efficiencies of 34.4%, 85.3%, 93.9%, and 96.9% after 

150 min of treatment at flow rates of 15, 30, 60, and 80 mL/min, respectively. This increased 

removal efficiency can be attributed to improved mass transfer associated with higher flow rates. 

A greater flow rate increases the frequency of contact between MP particles and the electrodes, 

thereby enhancing the likelihood of particle capture. Additionally, higher flow rates improve 

mixing, which reduces the thickness of the boundary layer adjacent to the electrode surface. This 
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reduction facilitates the diffusion of MPs to the electrode surface for adsorption (García-López et 

al., 2023). Although this study did not observe a decline in removal efficiency within the tested 

flow rate range, other studies using ES for organic pollutant removal have indicated that the 

relationship between flow rate and removal performance is not linear (Bayram and Ayranci, 2012; 

Yang et al., 2021). In these studies, removal efficiencies declined after reaching a peak as flow 

rates continued to increase. Bayram and Ayranci (2012) investigated the effect of flow rate on ES 

performance for removing benzoic acid using activated carbon cloth electrode in a flow-through 

electrolytic cell. They found that optimal removal was achieved at 30 mL/min under their setup but 

continue increasing the concentration showed a slight decrease in the removal rate. Similar results 

were obtained in the study conducted by Yang et al. (2021) for the removal of Orange II using ES 

and peroxi-coagulation with flow-through cell. The decreased residence time due to the increased 

flow rate led to the decrease in the removal efficiency. The decrease in the residence time caused 

by increasing flow rates was compensated for by the water circulation in the ES system. However, 

further investigation is needed to determine the optimal flow rate for large-scale applications, 

aiming to maximize removal rates and efficiencies while minimizing energy consumption. 

 

The removal efficiencies at 150 min are quite close for flow rate of 30, 60, and 80 mL/min despite 

showing significant differences at 30 min. At the high flow rate of 80 mL/min, the removal 

efficiency reached 88.1% after 30 min. However, additional treatment time at this flow rate did not 

result in a significant increase in removal efficiency; it rose to 94.6% at 90 min and 96.9% at 150 

min, respectively. The removal efficiency improved from 88.8% at 90 min to 92.2% at 120 min, 

and finally to 93.9% at 150 min, respectively at 60 mL/min. In contrast, at the lower flow rate of 

15 mL/min, the removal efficiency continued to increase throughout the 150 min treatment period, 

although the final efficiency (34.4%) was not as high as those achieved at higher flow rate condition. 
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This suggests that 150 min may not be sufficient for the low flow rate to reach equilibrium, and 

longer treatment time can further enhance removal efficiency under these conditions.  Overall, 

while higher flow rates can accelerate the removal of MPs using ES, they may not significantly 

alter the maximum removal capacity of the system when using water circulation (Bayram and 

Ayranci, 2012). 

 

 

Figure 6-4. The removal efficiency of MP using ES at reservoir water and outlet water from reactor 

cell under different (a, c) flow rates (10 mM KNO3) and (b, d) KNO3 concentrations (30 mL/min 

flow rate). 
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The effect of electrolyte concentration was investigated at a voltage of 6 V and a flow rate of 30 

mL/min. Under these conditions, the differences in in removal efficiency for MPs were relatively 

small. After 150 min of treatment, removal efficiencies were 71.7%, 85.3%, and 93.8% for 5, 10 

and 20 mM KNO3, respectively. These results are consistent with those from the static water tank 

experiments shown in Fig. 1; the increase in the electrolyte concentration can enhance removal 

efficiency via the compressed electric double layer and also the improved conductivity.  

 

6.2.3. Factorial Analysis of Electrochemical Parameters Affecting Microplastic Removal 

A 23 full factorial design was employed to statistically investigate the significance of various factors 

on removal efficiency and to assess their possible interactions. Three key parameters in the 

electrochemical system include the electrolyte concentration, flow rate, and voltage were selected 

to examine their effects on the removal efficiency of MPs using ES after 150 min treatment. Only 

main effects and two-way interactions were considered in the model, as higher order interactions 

have negligible impacts on the response, in accordance with the sparsity-of-effects principle. The 

results of the factorial analysis are demonstrated in Figure 6-5 and the analysis of variance 

(ANOVA) table is shown in Table 6-2. 
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Figure 6-5. Results of factorial analysis. (a) Pereto chart f standardized effects (α = 0.05); (b) two-

way interaction plot with p < 0.05, and (c) main effect plot. 
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Table 6-2. ANOVA table for analysed factors and their two-way interactions. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 6 0.200259 0.033377 10.38 0.000 

  Linear 3 0.171597 0.057199 17.79 0.000 

    Voltage 1 0.000287 0.000287 0.09 0.769 

    Flow rate 1 0.103054 0.103054 32.06 0.000 

    Electrolyte concentration 1 0.068255 0.068255 21.23 0.000 

  2-Way Interactions 3 0.028662 0.009554 2.97 0.061 

    Voltage*Flow rate 1 0.003403 0.003403 1.06 0.318 

    Voltage*Electrolyte 

concentration 

1 0.006681 0.006681 2.08 0.168 

    Flow rate*Electrolyte 

concentration 

1 0.018577 0.018577 5.78 0.028 

Error 17 0.054648 0.003215     

  Lack-of-Fit 1 0.001831 0.001831 0.55 0.467 

    Pure Error 16 0.052818 0.003301     

Total 23 0.254907       

*DF: degree of freedom; Adj SS: adjusted sums of squares; Adj MS: adjusted mean 

squares. 

 

The Pereto chart (Figure 6-5a) illustrates the relative importance of various factors in the removal 

efficiency of MPs, highlighting that flow rate, electrolyte concentration, and their interaction are 

statistically significant. The main effect plots in Figure 6-5c indicate that the mean removal 

efficiency improved from 81.7% to 94.8% when the flow rate was increased from 30 to 80 mL/min. 

This finding aligns with the results presented in Section 3.2., where a higher flow rate enhances 

mass transfer and increases the likelihood of particles being captured by the electrode within the 

selected flow rate range. Electrolyte concentration is the second most important factor in the model. 

The mean of MP removal efficiency increased from 82.9% to 93.6% as the electrolyte 

concentration was raised from 5 to 20 mM KNO3. In contrast, the voltage used in the factorial 

analysis showed no statistically significant impact on removal efficiency at the level tested (3 and 

6 V) with mean of removal efficiencies of 87.9% and 88.6%, respectively. While the effect of 

voltage with water circulation was not investigated in Section 3.2, it was studied in the static water 
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tank, as noted in Section 3.1. In the static water tank, removal efficiencies were positively 

correlated with voltage, as shown in Figure 6-2a. However, in the ES treatment of MP with water 

circulation, no significant difference was observed between 3 and 6 V voltage. The differing effects 

of voltage on MP removal efficiency between the static water tank and the water circulation setup 

can be attributed to variations in hydraulic conditions. In a static water tank, MP adsorption on the 

electrodes primarily results from electrostatic attraction. Since the water is stationary, the 

adsorption rate depends on the potential created by the applied voltage. Additionally, increasing 

the voltage enhances the rate of water electrolysis, generating bubbles around the electrodes and 

introducing turbulence, which further increases the likelihood of particle capture. However, in the 

system with water circulation, the flowing water improves the mass transfer rate. Once the voltage 

is sufficient to capture MPs, further increases do not significantly enhance removal efficiency, as 

observed in the static water tank.  

 

The only significant interaction identified in the model is the interactive effect of flow rate and 

electrolyte concentration, as shown in Figure 6-5b. The effect of flow rate is more pronounced at 

5 mM KNO3 compared to 20 mM KNO3. Specifically, the mean removal efficiency was improved 

from 73.6% to 92.2% by increasing the flow rate from 30 to 60 mL/min. However, the mean 

removal efficiency was only slightly improved from 89.8% to 97.7% at 20 mM KNO3. The more 

significant effect of flow rate on removal efficiency at 5 mM electrolyte concentration compared 

to 20 mM can be attributed to several factors related to mass transfer and electrostatic interactions. 

At lower ionic strength (5 mM), the dispersion of MPs is more stable due to a thicker electric 

double layer, which reduces effective electrostatic interactions between the electrodes and MP 

particles. This necessitates enhanced mass transfer (via higher flow rates) to achieve efficient 

removal. The higher ionic strength at 20 mM decreases the electrostatic repulsion between MPs, 
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promoting their aggregation and enhancing their entrapment by the porous structure of the GF 

electrode. In this scenario, the process is less dependent on mass transfer because the electrostatic 

forces are already strong enough to facilitate efficient adsorption. Consequently, increasing the 

flow rate has a diminished effect on further improving removal efficiency. 

 

Electrochemical processes are inherently complex, encompassing numerous factors that can 

significantly affect their performance. The factorial analysis conducted in this study is essential for 

systematically investigating the effects and interactions of multiple factors on the removal 

efficiency of the ES system. The insights gained from the factorial analysis are invaluable for 

optimizing the process parameters, enabling the achievement of optimal removal rates and 

efficiency with minimal energy consumption. 

 

6.2.4. Characterization and Theoretical Calculation 

Electrochemical characterizations and DLVO analysis were conducted to clarify the experimental 

results of ES for the removal of MPs. Figure 6-6 presents the CV curves and the calculated DLVO 

interaction energies. Figure 6-6a and 6-6b show the CV curves of the system within a voltage 

window from -1.6 V to 1.6 V at scan rates of 5, 10, and 20 mV/s for 5 and 20 mM KNO3, 

respectively. Notably, no significant redox peaks are observed within this voltage range during the 

ES process. However, a higher current response is evident in the 20 mM KNO3 solution compared 

to the 5 mM solution, which can be attributed to the reduced electrolyte resistance in the higher 

concentration solution. 

 

To align with the voltage range used in the ES experiments, the voltage window was expanded 

from -3 V to 3 V, and the corresponding CV curves are shown in Figure 6-6c. Distinct peaks appear 
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at approximately -1.5 V and +1.5 V, likely associated with the hydrogen evolution reaction and 

oxygen evolution reaction, respectively, due to the electrolysis of water. The appearance of these 

peaks confirms that the applied potential range exceeds the thresholds for water splitting, resulting 

in significant faradaic processes related to water electrolysis. These findings are consistent with 

observations from the ES experiments, where gas generation on the electrode was noted during the 

process. 

 

The Nyquist plot in 5mM and 20 mM KNO3 are shown in Figure 6-7. The absence of semicircle 

in both electrolyte concentrations suggests minimal charge transfer resistance (Zhou et al., 2022). 

Additionally , the steep slope of the plots indicates strong capacitive behavior, implying that ionic 

diffusion impedance is low and that the system is primarily governed by capacitive processes (Mei 

et al., 2018; Salehan et al., 2023). DLVO analysis was conducted to assess the interaction energies 

between MPs (MP-MP) and between MPs and the anode (MP-electrode) to better understand the 

electro-assisted sorption process. The surface potential of the electrode was calculated using the 

charge density estimated from the CV curve and the Grahame equation. Figure 6-6d presents the 

DLVO interaction energies for 5 mM and 20 mM KNO3. The positive interaction energy between 

MPs in 5 mM KNO3 indicates electrostatic repulsion between the particles. However, in 20 mM 

KNO3, the sign of the MP-MP interaction energy changes, suggesting that the van der Waals 

attractive forces dominate the MP-MP interaction due to the screened double layer at higher ionic 

strength. Despite the decrease in electrostatic attraction between MPs and the electrode caused by 

double-layer shielding at higher ionic strengths, our experiments still demonstrated improved 

removal efficiency under these conditions (Figure 6-4 andFigure 6-5). This suggests that the ES of 

MPs is influenced by both the interactions between colloidal particles and their electrostatic 

attraction to the electrode. Furthermore, the aggregation of MPs particles due to reduced 
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electrostatic repulsion at higher ionic strengths likely increases particle size. The increased particle 

size of MPs, in turn, may enhance the attraction between the MPs and the electrode, and promote 

physical settling due to the reduced stability of the suspension, thereby improving the removal rate 

of MPs. 

 

The interaction energies between the electrode and MPs at higher voltages were not calculated 

because Faradaic reactions become significant in this range. These reactions complicate the 

estimation of surface potential based solely on charge transfer, as the charge is consumed in 

chemical processes rather than contributing to the surface potential (as shown in Figure 6-6c). This 

observation aligns with our experimental findings: increasing the voltage beyond a certain 

threshold does not enhance the removal efficiency of MPs. Instead, the additional energy is 

primarily used for Faradaic processes, such as water electrolysis, rather than improving the 

electrostatic attraction between the particles and the electrode. 

 

Furthermore, SEM characterization was performed on the cathode, anode, and the original GF 

electrode after the ES experiments (Figure 6-8). The SEM images reveal that the anode adsorbed 

more plastic particles compared to the cathode, which is consistent with the results of the DLVO 

analysis. This suggests that the adsorption of PE MPs primarily occurs on the anode due to the 

electrostatic attraction between negatively charged PE MP and the anode.  
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Figure 6-6. CV curves and DLVO interaction energies. (a) CV in 5 mM KNO3; (b) CV in 20 mM 

KNO3, from -1.6 V to 1.6 V. (c) CV at 10 mV/s from -3 V to 3 V for 5 mM and 20 mM KNO3. (d) 

DLVO interaction energy profiles between MPs (MP-MP) and between MP and the anode (MP-

Electrode) at 1.6 V. 
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Figure 6-7. Nyquist plot of the ES system in static water tank at 5 and 20 mM KNO3. 
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Figure 6-8. SEM-EDS results of pristine, cathodic, and anodic GF. The lighter-colored particles 

on the electrodes are residual KNO3 after drying. A greater number of MPs (particles with higher 

carbon content and darker color in the SEM image) attached to the GF surface after treatment. 
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6.2.5. Environmental Implications 

The presence of MPs in natural waters and wastewater has been increasingly observed in recent 

years, largely due to the growing release of both primary and secondary MPs from human activities. 

Wastewater is a significant source of MPs in the natural aquatic environment. However, few studies 

have focused on separating MPs from water to prevent their discharge into the environment. 

Common wastewater treatment processes in WWTPs, such as filtration, air flotation, and 

flocculation, can partially remove larger MPs but are less efficient for smaller MPs, which pose 

greater environmental risks. In response to this challenge, this study develops an electrochemical 

treatment method using electro-assisted sorption with porous graphite fiber electrodes, 

investigating the effects of various electrochemical parameters and setups to preliminary optimize 

the system. 

 

One of the key advantages of ES, compared to other chemical methods like electrocoagulation and 

chemical coagulation, is that it does not require the addition of external chemicals. Instead, it relies 

on applying an electric potential to porous electrodes, which causes charged MP particles to be 

physically adsorbed onto electrodes with opposite charges through electrostatic attraction. 

Removal efficiency can be influenced by factors such as applied voltage, electrolyte concentration 

in the water, and mass transfer efficiency. In a static ES system without water circulation, 150 min 

of treatment can effectively remove MPs from 200 mL of water, with removal efficiency positively 

correlated to both applied voltage and electrolyte concentration. However, mass transfer efficiency 

between the water and the electrode surface can limit MP removal via ES. Therefore, this study 

also investigated the removal efficiency of MPs under conditions with water circulation.  
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The results demonstrated that incorporating water circulation significantly enhanced both the rate 

and overall efficiency of MP removal through ES. After 150 min of treatment, MP removal rates 

ranged from 34.4% to 96.9%, depending on the electrolyte concentration and flow rate. A factorial 

analysis was conducted to further assess the impact of key electrochemical parameters in the ES 

system with water circulation. The analysis revealed that flow rate is the most critical factor 

influencing MP removal efficiency, suggesting that mass transfer may be the primary limitation for 

the adsorption of MPs onto the electrodes. 

 

Electrolyte concentration also significantly improved removal efficiency within the range 

examined in the factorial analysis. A higher electrolyte concentration compresses the electric 

double layer around the MP particles, destabilizing their dispersion and promoting aggregation. 

This aggregation facilitates the capture of MP particles by the porous structure of the GF electrodes. 

Additionally, the gradually decreeing mean particle size of MPs over treatment time indicates that 

larger particles are easier to be captured by the porous structure. However, the factorial analysis 

showed no significant difference in removal efficiency between 3 V and 6 V, further supporting the 

conclusion that mass transfer is likely the primary limitation for MP adsorption onto the electrodes 

via ES. Moreover, increasing the voltage primarily contributes to Faradaic reactions rather than 

enhancing the surface potential of the electrodes. Although a consistent treatment time of 150 min 

was used throughout this study, under conditions of an 80 mL/min flow rate, 10 mM KNO₃ 

concentration, and 6V applied voltage, 88.1% of the MPs were removed in just about 30 min. This 

demonstrates that the system we developed is highly efficient in rapidly removing MPs. 

 

This study demonstrates that ES is a highly promising technology for removing MPs, offering an 

efficient and cost-effective solution for separating MPs from wastewater, particularly in scenarios 
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with high concentrations, such as laundry wastewater. Compared to conventional wastewater 

treatment methods, ES achieves high removal efficiency even for smaller MPs (PE particles with 

3-5 µm mean particle size used in this study). Additionally, ES is a flexible technology that can be 

tailored to various scale requirements by adjusting the size of the electrode units, making it suitable 

for a wide range of applications—from removing MPs in washing machines to large-scale 

implementations in WWTPs. 

 

This study investigated the potential of ES technology for MP removal, clearly highlighting its 

significant promise for further development. Compared to static conditions, water circulation in 

the reactor significantly improves the MP removal efficiency using ES treatment. A higher flow 

rate further enhances this efficiency, suggesting that mass transfer efficiency may be a limiting 

factor in MP removal. Additionally, higher electrolyte concentrations improve MP removal by 

increasing conductivity and compressing the electric double layer. By analyzing the influence of 

various parameters on MP removal efficiency and exploring the underlying mechanisms through 

DLVO theory, this study research establishes a foundation for future advancements in ES for MP 

removal. Future studies could focus on investigating the removal of MPs using ES in more complex, 

real-world environments. For example, research could explore how different types of MPs and the 

presence of other components in wastewater affect removal efficiency. Additionally, optimizing the 

system will be crucial not only to enhance removal performance but also to minimize energy 

consumption and operational costs, making it more practical for large-scale applications. 
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Chapter 7. Conclusions and Future Studies 

 

7.1. Conclusions and Contributions of Thesis Research 

 

• Analyzed the key factors influencing the entrainment of microplastics during ice formation 

processes. 

Ice formation results in the microplastic entrainment and enrichment, in which turbulence, 

environmental, and microplastic characteristics play important roles. This study aimed to explore 

the effect of various MP properties and environmental characteristics on the entrainment and 

enrichment of MPs in ice under varying turbulence conditions. It was found that high rotation speed 

in freshwater distinctively enhanced the entrainment of hydrophobic MPs in ice, this being 

attributable to the combined effects of frazil ice and air bubbles. The hydrophobic nature of these 

MPs caused them to be attracted to the water/air or water/ice interface. However, in saline water, 

high turbulence inhibited the entrainment of all of the MP types under study. The ice crystals 

formed a loose structure in saline water instead of congealing, and this allowed the exchange of 

MPs between ice and water, leading to the rapid expulsion of MPs from the ice. The enrichment 

factors of all the MPs under study increased in calm saline water compared to in calm freshwater. 

The results revealed that the entrainment and enrichment of MPs in ice can be critical pathways 

affecting their fate in cold regions. 

 

• Investigated the role of aquatic dissolved organic matter in the entrainment of MPs under 

freezing conditions 
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My study investigated the effects of aquatic dissolved organic matter on the properties of MPs 

through a 28-day interaction experiment conducted under both UV and dark conditions. The 

implications of the alteration in MP properties on their entrapment in ice were also explored in an 

ice formation experiment. The presence of aquatic organic matter on the MPs after the interactions 

was confirmed, but the interaction with aquatic organic matter had different impacts on the two 

types of MPs. Furthermore, the entrapment of MPs in ice was improved after their interaction with 

aquatic organic matter due to surface damage caused by physical abrasion and UV radiation. These 

findings underscore the critical role that the inherent properties of MPs play in determining their 

environmental behavior. These properties can significantly impact their interactions with other 

natural components in the environment, thereby influencing their behavior in a cold environment. 

 

• Explored the freezing-induced alteration in MP behavior 

With changing temperatures, MPs stored in ice can be released back into the environment, while 

freezing conditions can alter the properties of MPs, ultimately affecting the fate of MPs in the 

environment. Freezing of MPs in freshwater ice results in the aggregation of MP particles due to 

physical compression, leading to an increase in particle size once the MPs are released from the 

ice. The freezing-induced aggregation enhances buoyancy effects, accelerating the settling/rising 

velocity of MPs in water. Additionally, freezing can lead to enhanced surface wetting alterations, 

thus improving the dispersion of hydrophobic MPs. The presence of salt in the water can mitigate 

the effect of freezing on MPs due to the formation of a brine network within the ice structure, which 

reduces the pressure on MPs entrapped by ice. In cold regions, numerous MPs undergo freezing 

and thawing, re-entering the water column. 
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• Developed a novel electrochemical treatment technology for MP removal 

A significant quantity of MPs still reaches the environment via wastewater treatment plant (WWTP) 

effluent because the techniques commonly used in WWTPs are not effective at removing MPs, 

especially smaller particles. Smaller MPs are particularly concerning as they can be transported 

over long distances and more easily enter the food chain, leading to heightened environmental 

impacts and potential health risks. To address this, an ES method was developed in this study to 

separate MPs from water using graphite felt electrodes. The effects and interactions of 

electrochemical factors, including flow rate in the flow-through cell, applied voltage and electrolyte 

concentration, on the removal efficiency of MPs using the ES system were preliminarily 

investigated using factorial experiments. Under optimal conditions, 96.9% of MPs were removed 

after 150 minutes of treatment. By analyzing the influence of various parameters on MP removal 

efficiency and exploring the underlying mechanisms through DLVO theory, this study research 

establishes a foundation for future advancements in ES for MP removal. Future studies could focus 

on investigating the removal of MPs using ES in more complex, real-world environments. 

 

7.2. Future Studies 

 

• MPs can undergo a variety of physical and chemical aging phenomena in the natural 

environment that alter their surface properties. The surface properties of MPs can also be 

changed by biofilms caused by microbial colonization and natural organic matter. The ice-

trapped MPs may be redistributed through various means, including brine networks in sea ice 

or the freeze–thaw cycle. These can be important factors influencing the behavior of MPs in 

ice and need further investigation. 
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• While this study examined the interactions and aggregation of MP particles under freezing 

conditions, aggregation between MPs and other naturally suspended particles in aqueous 

environments has been observed in several previous studies. The heterogeneous aggregation 

between MPs and other particles can be further intensified under freezing conditions, exerting 

a significant impact on the environmental fate of MPs by altering their density, size, and surface 

properties. Furthermore, recent studies have found that MPs trapped in sea ice may be ingested 

by ice algae and rapidly settle after melting. The environmental fate of released MPs from melt 

ice and the effect of freezing on entrained MPs need to be further investigated. 

• To further advance the ES treatment technology for MP removal, it is essential to investigate 

both the efficiency and energy consumption of ES in more complex environments. The removal 

efficiency for smaller MPs, or even nanoplastics, should be evaluated to assess its potential for 

large-scale applications. Additionally, a pilot prototype can be developed to verify its feasibility 

for engineering control of MPs in wastewater. 
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