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Abstract

Microplastics, generated from the decomposition of large plastic products, is one of the
emerging pollutants that pose tremendous risks in the aquatic environment. Although previous
studies have developed various strategies for the removal of microplastics, they were found to be
non-renewable and costly. Cellulose provides green and sustainable approaches in water
treatment systems as it is derived from plant sources making it biodegradable and biocompatible.
In this study, two cellulose derivatives, microcrystalline cellulose (MCC) and nanocrystalline
cellulose (NCC), were cationically and hydrophobically modified by grafting with (3-chloro-2-
hydroxypropyl)dodecyldimethylammonium chloride (QUAB 342) to the particles. The modified
systems were used in the development of softwood pulp foam for microplastic capture
(WFQ342MCC-0.8 and WFQ342NCC-0.8 foams)

The filtration performance of WFQ342MCC-0.8 foam was examined by analyzing its
removal efficiency for polyethylene (PE) microplastics stabilized by sodium dodecyl benzene
sulfonate (SDBS), polysorbate 80 (Tween 80), and hexadecyltrimethylammonium bromide
(CTAB) surfactants (PE:SDBS, PE:CTAB, and PE:Tween80). The order of the removal
efficiency during the filtration experiment was found to be PE:SDBS > PE:CTAB >
PE:Tween80, respectively. Furthermore, WFQ342NCC-0.8 foam displayed removal efficiency of
up to 99.8 %, as the addition of NCC improved the foam surface area with better microplastic

capture.
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Chapter 1: Introduction

1.1. Research Background

The widespread use of plastics has increased in recent years, posing a potential threat in
both soil and aquatic environment. From 2010, roughly 4.8 to 12.7 million metric tons of plastic
waste from 198 coastal countries have been released into the ocean each year [1]. Furthermore, it
was determined that the global annual output of plastic products has reached a total of 460
million tons in 2019, and it is expected to increase to 1.2 billion tons by 2060 [2]. Through UV
irradiation and thermal degradation, these plastic wastes can decompose slowly into small
fragments with sizes of less than 5 mm [3]. These fragments are known as “microplastics,” and
they have been studied in the past decade as they are deemed harmful to both human health and
aquatic organisms. Many fishes and crustaceans have consumed high amounts of microplastics,
and these marine animals transferred the microplastics to human via the food chain. Recent
reports revealed that Chinese consumers are exposed to 100,000 microplastics/year, and
Europeans consume approximately 11,000 microplastics/year from shellfish consumptions [1],
[2], [4]. Exposure to large amounts of particles can cause serious health problems to both humans
and animals, such as obstructing their digestive tracts and disrupting their immune systems [4].

Microplastics are found in variety of sources, such as cosmetic products, raw industrial
materials, wear of car tires, and road markings. However, the primary source originates in
washing machines, where clothing and textiles release fragments and fibers, such as cotton,
polyester, and nylon. Studies reported that a single garment can shed over 1900 fibers per wash
[5]. Moreover, it was also discovered that the presence of detergent and softener increases the

release of microfibers from the laundry machine [6].



Several existing technologies have developed to remove microplastics from water, which
include coagulation, membrane bioreactor, and advanced oxidation. However, these processes
exhibit many drawbacks such as high installation and maintenance costs and large environmental
impact due the use of harmful substances. The focus on microplastic removal must be shifted
towards the sources of microplastics and the use of green or bio-based materials in order to
improve the microplastic capture and reduce the environmental impacts. Cellulose is considered
as one of the most abundant natural polymers on earth and it has been widely used in many
applications such as drug delivery, paper packaging, and constructions [7]. It is originated from
wood, plants, and certain types of bacteria. Through acid hydrolysis, most notably hydrochloric
or sulfuric acid, cellulose can be broken down into various derivatives, ranging from micro- to
nano size [8]. As cellulose possesses many unique properties, such as high mechanical strength
and abundance of functional groups on the surface, physical and chemical modifications can be

performed on cellulose to improve the removal of microplastics in aquatic systems.

1.2. Research Objectives

The main objectives of this project are to analyze the behavior of microplastics in an
aqueous solution, and to develop an environmentally friendly porous material to enhance high
microplastic capture for applications in water treatment. To start, understanding the microplastic
behaviors in aqueous solution is critical to develop a unique design for microplastic capture. This
project focuses on identifying ideal stabilizing agents to disperse microplastic particles in an
aqueous solution and finding various techniques to detect particles such as Fourier transform

infrared (FTIR) spectroscopy, Raman spectroscopy, UV-vis spectroscopy, and Fluorescence



microscopy. Surface charges and particle sizes of microplastics are important information
necessary for the design process to remove microplastic from water.

The second objective of this project is to develop a sustainable pulp foam adsorbent
consisting of cellulose materials for the microplastic removal from water. Several criteria in the
foam design and fabrication include strong mechanical strength, high porous structure, and
excellent microplastic removal efficiency. The softwood pulp foam adsorbent was examined by
its stability during and after fabrication, and this was achieved by considering different
crosslinkers that possessed high mechanical strengths. Once the fabrication was completed, it
was then monitored for 24 h to ensure that the structure was maintained without shrinkage or
premature collapse. The next step was investigating the foam porosity to enhance better
microplastic capture in aqueous solution. This was conducted by examining various approaches
to cure the material, such as vacuum-drying, freezing, and freeze-drying. Different cellulose
derivatives, both micro and nanostructures, were also investigated to explore if these
biopolymers can incorporate high surface areas to the foam for the purpose of microplastic
capture.

Finally, the removal efficiency of microplastics was analyzed to investigate the amounts
of microplastic particles that were bound to the pulp foam adsorbent. Using the information on
the microplastic behaviors in aqueous solution, the surface of cellulose materials was modified
with different polymers to achieve higher interactions between the foam and microplastics. Zeta
potentials and surface charges of the modified cellulose were analyzed to see if the interactions

between the foam and microplastics were successful.



1.3. Thesis Outlines

The following research project is described by six chapters in the thesis, where:

Chapter 1 focuses on the background and objectives of the research project, that provides
a summary on the outline of the thesis as described above.

Chapter 2 contains the recent literature review on the subject examined in the thesis. This
chapter is organized into five sections: (1) Background of microplastics, (2) Current
technologies on the microplastic removal, (3) Sustainable approach of the microplastic
removal, (4) Methods for quantifying microplastics in aquatic systems, and (5) Cellulose
and material selections for fabrication process.

Chapter 3 discusses the dispersion of microplastics using three types of surfactants
(anionic, cationic, and nonionic) and identifying an ideal method for quantifying
microplastic particles in aqueous solution.

Chapter 4 outlines the physical modification of cellulose derivatives, microcrystalline
cellulose (MCC) and nanocrystalline cellulose (NCC), by grafting with (3-chloro-2-
hydroxypropyl)dodecyldimethylammonium chloride (QUAB 342) surfactant. The
modified polymers were then utilized to prepare the softwood pulp foam adsorbent.
Chapter 5 summarizes the results of the microplastic removal efficiency using the
softwood pulp foam consisting of QUAB342-MCC and QUAB342-NCC.

Chapter 6 concludes with a summary of the overall research project and provides

additional recommendations for future work.



Chapter 2: Literature Review
2.1. General Introduction to Microplastic Pollution

2.1.1. Formation of Microplastics

Microplastics are synthetic organic polymer particles, and they possess various shapes,

colors and sizes depending on the environmental conditions. The derivations of the plastic

polymer can be either beads, pellets, or fibers. The plastic particles possess diameters of less than

5 mm (Figure 2-1), and densities of approximately 1.2 g/cm? [3]. Microplastics are divided into

two categories: primary and secondary microplastics. Primary microplastics refer to micron-

sized particles, and are used in by-products and industrial raw materials. Secondary microplastics

are plastics resulting from the breakdown of large plastic debris through physical, biological, and

chemical degradation process [9]. The degradation of plastics into microplastics are defined into

two types: abiotic and biotic degradations [3].
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Figure 2-1: Classifications of plastic particles based on sizes (adapted from Tursi et al. [9])



2.1.1.1 Abiotic Degradations

This type of degradation focuses on the change in physical and chemical properties of
plastics due to abiotic factors, such as light, temperature, and wind strength. Most common types
of abiotic degradation include photodegradation, thermal degradation, chemical degradation, and
mechanical degradation [3], [10]. Photodegradation is regarded as the most important process in
plastic degradation, since it utilizes high-energy UV radiation of wavelength ranging from 280 to
400 nm [11]. In the marine environment, the presence of UV light alters the chemical and
physical structure of the plastics, such as chain scission, oxidation, and hydrolysis [12], [13],
[14]. Thermal degradation is similar to photodegradation process. However, a high temperature
is required to break down the carbon bonds in the long polymer chain to form free radicals [10].
An effective product temperature degradation ranges between 300 to 420 °C depending on the
type of polymer [15]. Mechanical degradation involves the use of sand, wind, and waves to break
down plastics into smaller fragments. Lastly, chemical degradation of plastics refers to the
scission of long polymer chain by pollutants such as ozone (O3), sulfur dioxide (SOz), nitrogen

dioxide (NO>), and volatile organic compounds (VOCs) [3], [10].

2.1.1.2. Biotic Degradations

This type of degradation utilizes organisms to break down long polymer chain into
micron-sized particles, by biting, chewing, or digestive fragmentation [3]. In both aquatic and
soil systems, organisms are mainly bacteria, fungi, and insects [3], [10]. The biotic degradation is
divided into two categories: biochemical and biophysical. Biochemical degradation introduces
enzymes secreted by fungi or bacteria to break down long chain polymer into smaller molecules

[16]. This reduces the molecular weight of the polymer and converting them to CO2, H20O,



biomass and energy [17]. Biophysical degradation involves organisms adhering to the polymer
surface due to the influence of surface tension, surface structure, porosity, and environmental
disturbance [16]. By hydrolysis, protonation, or ionization process, the polymers breakdown into

fragments. Figure 2-2 provides a summary of the plastic degradations as discussed earlier.
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Figure 2-2: Different types of plastic degradation: abiotic and biotic (adapted from Razaviarani et
al. [10])

2.1.2. Types of Microplastics

As explained in section 2.1.1, microplastics can be degraded into small fragments or
polymers through physical, chemical, and biological methods. The common plastic polymers
present in the environment are polyethylene (PE), polypropylene (PP), polystyrene (PS), and
polyvinyl chloride (PVC) [9]. As explained in Table 1, PE is recognized as the most common
plastics since it is found in variety of sources, such as cleaning products, reusable bags, food
packaging, and plastic containers [9]. According to the plastic manufacturers, 36 % of the total

plastic production are composed of polyethylene, followed by polypropylene (21 %), polystyrene



(12 %), polyester (10 %), and polyvinyl chloride (9 %) [18]. PE is categorized into two types:
low-density polyethylene (LDPE) and high-density polyethylene (HDPE). The density of LDPE
ranges between 0.910 and 0.940 g/cm?, while HDPE has density ranging from 0.93 to 0.97 g/cm?®
[19], [20]. The occurrence of the varying densities can be explained by the structures of the two

polymers, where LDPE is highly branched while HDPE is linear [20].

Table 1: Number of studies for common types of microplastics with different densities (adapted
from Hidalgo-Ruz et al. [18])

Polymer type Polymer density (g/cm?) No. of studies
Polyethylene (PE) 0.917-0.97 33
Polypropylene (PP) 0.9-0.91 27
Polystyrene (PS) 1.04-1.1 17
Polyamide (nylon) (PA) 1.02—-1.05 7
Polyester (PES) 1.24-2.3 4
Acrylic (AC) 1.09-1.20 4
Polyoxymethylene (POM) 1.41-1.61 4
Polyvinyl alcohol (PVA) 1.19-1.31 3
Polyvinyl chloride (PVC) 1.16—1.58 2
Polymethyl acrylate (PMA) 1.17-1.20 2
Polyethylene terephthalate 1.37-1.45 1
(PET)

Alkyd (AKD) 1.24-2.10 1
Polyurethane (PU) 1.2 1




Many studies were conducted to investigate the effect of PE in marine animals and
organisms. Athulya et al. developed a study examining the structural deformities of artemia
salina when exposed to microplastic pollution and ocean acidification [21]. When PE of 0.5
mg/mL was added under the acidified environment (pH = 8.0), the appearances of the
zooplankton, which included the thoracic segments, abdomen, gut, and antennae, began to
deform during stages of development [21]. Furthermore, the exposure to PE yielded a significant
reduction in the hatching rate to 50 % [21]. Aside from zooplanktons and other microorganisms,
fish can also be affected by the exposure of microplastics. Xiong et al. observed the behavior of
goldfishes in the presence PE of varying colors, shapes, and sizes [22]. Although the fishes expel
large plastic debris, they could ingest microplastics (1-3 mm) [22], and the presence of
microplastics plays a negative role in the marine systems. Organisms can mistakenly identify
such debris as foods, and they are ingested into their bodies. The continuous intake of
microplastics can cause problems to their digestive and reproductive systems. From the
information on the destructive impact of microplastics, the capturing microplastics can minimize

the impact on the aquatic environment.

2.2. Current Technologies on the Removal of Microplastics in Aquatic Environment

The removal of microplastics has been a major focus in many studies in order to achieve
clean water supplies and maintain environmental sustainability. In recent years, large numbers of
technologies have been developed for the removal of microplastics, through physical, chemical,
and biological approaches. These technologies include coagulation/flocculation, bioreactors,

chemical oxidation and photocatalysis treatments [23].



2.2.1. Coagulation-Flocculation-Sedimentation

The combination of coagulation, flocculation, and sedimentation is one of the most
common techniques used to remove contamination from water sources. This process involves
separating the solids and liquids by their densities. Figure 2-3 illustrates the coagulation-
flocculation-sedimentation technique for microplastic removal. Coagulation is the first step of
water purification, where coagulant materials, such as metal salts, are added to destabilize the
suspended microplastic particles [24]. The chemicals are dispersed uniformly by a rapid mixer
before transferring to flocculation tank. In the flocculation process, flocculants consisting of
inorganic coagulants, synthetic organic polymers, or composites, interact with the suspended
microplastic particles via electrostatic forces or Van der Waals forces [25], [26]. Slow mixing is
applied for long period of time yielding large aggregates or flocs [24]. The sedimentation is the
final step, where high density microplastics from the flocculation process settle to the bottom.

Multiple types of coagulants have been implemented to optimize the removal
efficiency of microplastics. Currently, aluminum-based and iron-based coagulants are widely
used in the wastewater treatment [23]. However, these materials display low removal efficiencies
of microplastics due to different factors, such as microplastic sizes and pH variations. Based on
the studies by Ma et al., it was found that the use of Al3-6H>O and FeCls-6H20 resulted in
removal efficiencies of less than 8.3 and 12.7 % for PE with the size range of 0.5 — 5 mm [27].
This was due to the fact that the low density of PE could suspend on the water surface making it
difficult for the treatment process, and the average size of the flocs was smaller than the PE
particles. Furthermore, another study reported the PE removal efficiencies decreased from 60 to
39.7 % for Al-based coagulant and 33.5 to 13.5 % for Fe-based coagulant when the pH was

increased from 6 to 8 [28]. These results revealed that the low pH activates the positively
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charged cations, such as AI** and Fe*', to interact with the negatively charged PE particles. The
removal efficiency of microplastics was improved to 92 % when anionic polyacrylamide (PAM)
was added to the alum coagulant [29], [30]. This was because the positively charged alum
interacted with the negatively charged PAM forming a large floc that could capture large
amounts of microplastics.

Although the approach of coagulation-flocculation-sedimentation has advantages such
as simple operation and better capture of microplastics, it has several drawbacks and limitations.
For example, high dosages of metal-based coagulants generate significant amounts of sludge,
which can lead to potential risks to aquatic organisms when release to the environment [23]. This
also increases the cost of sludge treatment and equipment maintenance. Another limitation of this
treatment is the poor removal efficiency of microplastics. Depending on the size of the
microplastics or the use of coagulants, this process was reported to obtain a low removal

efficiency for large-sized microplastics.

Coagulant
(metal salts,
alum, polymers)

Microplastics

Natural
Organic
Matter

Untreated Coagulation Flocculation Sediments Qo dimentation
water (rapid mixing) (slow mixing)

Oil effluents

Figure 2-3: Removal of microplastics using the combination of coagulation, flocculation, and
sedimentation process (adapted from Pandey et al. [24] )
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2.2.2. Membrane Bioreactors (MBR)

This treatment process has become an innovative technology in industrial wastewater
treatment, and it involves the combination of pretreatment, bioreactor, and membrane filtration.
MBR is divided into two configurations: submerged and side-stream [31]. Submerged MBR is
membrane placed inside the reactor, while side-stream MBR is membrane located outside the
tank. Polyvinylidene fluoride (PVDF) membrane is widely used in the system, as it exhibits
excellent mechanical strength, good adsorption capacity for better capture of microplastics, and
desirable pore size [32]. MBR has many advantages, which includes eliminating secondary
settling tank, producing less sludge, and minimizing hydraulic retention time [31], which
displays high removal efficiency. It is reported the MBR process had a slightly better removal
efficiency of microplastics (99.4 %) compared to the conventional activated sludge (CAS)
process (98.3 %) [33]. This is due to the fact that the microplastics could not settle well in the
settling tank of CAS, resulting in the inefficient removal of the microplastics particles [31].
Despite many advantages of MBR, it has many drawbacks, and membrane fouling is one of the
most common problems in the MBR process, where suspended particulates are adsorbed onto the
membrane surface clogging the pore and reduced the permeate flux [34]. This results in high
operating costs and energy consumption due to the need to clean the membrane. Although PVDF
membrane is widely used in the treatment process, the addition of hydrophilic polymers or
inorganic oxides nanoparticles is enhanced to improve its antifouling properties.
Polyvinylpyrrolidone (PVP), a hydrophilic polymer, is implemented as a pore forming agent and
a hydrophilic modifier to control the pore size distribution that mitigate membrane fouling [35].

Among many nanoparticles, TiO2 and SiO- are also used to modify PVDF membrane due to their
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low costs and good stability, and they played a remarkable role in improving water flux and

enhancing antifouling properties [35], [36].

2.2.3. Advanced Oxidation Process

In comparison with the current technologies, the method of advanced oxidation process
(AOP) involves the decomposition of microplastics into small fragments using appropriate light
energy sources. It demonstrates promising results in the environmental approach, as it removes
microplastics and other inorganic pollutants without producing sludges and the need for frequent
cleanings [37]. The AOP process undergoes both Fenton and photocatalytic reactions to
decompose microplastics into small molecules. This reaction involves the generation of OH- and
SO4- radicals by reacting H2O2 with a solid catalyst, such as ferric ions, in an acid medium [23],
[38]. The radicals possess high reactivity, which has the capability to break down carbon chains
of microplastics and achieve degradation. The Photo-Fenton process is implemented by applying
UV radiation to enhance the rate of reaction and increase the production of radicals [39].

Photocatalytic reaction involves the use of semiconductor oxides acting as photocatalysts
and the implementation of UV light to remove microplastics from water [40]. Titanium dioxide
(TiO2) and zinc oxide (ZnO) are the most common photocatalysts in microplastic degradation
since they provide several properties including low toxicities, high reactivities, and efficient
removal efficiencies of pollutants [41]. TiO2 and ZnO possess appropriate bandgap energy of 3.2
eV and 3.4 eV respectively when interacted by light sources [39]. The interaction between the
UV light and photocatalysts excites electrons from the valence band to the conduction band, and
generates electron-hole (e-h™) pairs (Figure 2-4a) [38], [39], [41]. The e-h" pairs react with O

and H20 and produce OH- and O- radicals, which are utilized for microplastic degradation.
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Although TiO2 and ZnO photocatalysts play a key role in microplastic degradation, they
possess several limitations. When bare photocatalysts are used in the process, they can only
absorb small fractions of UV light making the removal efficiency low. In addition, they operate
at high temperatures, which increase the energy cost in the wastewater treatment [39]. As a
result, the degradation efficiency is improved by combining the photocatalyst with metal dopants
that reduces the bandgap energy, hence increasing the optical absorption and maximizing the
degradation process [42]. The addition of Fe dopant to the ZnO photocatalyst produced a
modified photocatalyst that reduces the bandgap energy from 3.4 eV to 3.25 eV (Figure 2-4b)
[41], [43]. This effect allows the material to absorb high amounts of light compared to the
undoped ZnO photocatalyst. Furthermore, the catalytic performance of Ag-TiO2 photocatalyst
showed promising results, as it decreased the bandgap energy (3.11 eV to 2.66 eV), and
increased the degradation rate compared to the unmodified TiO> [44]. This is due to the Ag ions
acting as an electron acceptor to reduce the e-h* pair recombination which furthers improve the

photocatalytic activities [44].
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Figure 2-4: Photocatalysis process of PE using a) ZnO catalyst and b) Fe-ZnO photocatalyst
(adapted from Ebrahimbabaie et al. [41])
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2.3. Sustainable and Bio-based Approach for Microplastic Removal

With the many limitations in the existing technologies, the rapid growth of
nanotechnology and the incorporation of nanomaterials in many substrates have drawn attention
to many industries worldwide. Covering the scale ranging from 1 to 100 nm, this technology
provides potentials to address complex problems in engineering fields. The research on green
nanotechnology and nanomaterials has mainly focused on water treatments that promote
environmental sustainability. Several bio-based materials, such as biochar and biopolymers, have
been used as membrane filtration, ultrafiltration, and adsorption processes for the microplastic

removal from water.

2.3.1. Biochar Material for Microplastic Removals

The utilization of biochar has gained attentions in water treatment processes, since it
derives from the pyrolysis of biomass and uses less energy [45]. Furthermore, the porous
structure and active sites of biochar provides high interactions with polymers or composites
making the material more attractive [45].

Recent researchers have studied the use of biochar to improve the removal efficiency of
microplastics. Wang et al. introduced corn straw and hardwood biochar to integrate with sand
filtration systems to remove polystyrene microbeads [46]. The results demonstrated the removal
efficiency exceeding more than 95 % compared to an efficiency of 60 — 80 % when utilizing
only conventional sand filtration systems [46]. The mechanism explained that the pore structure
of the biochar allowed the microbeads to be bound, trapped, and entangled allowing only water

molecules to pass through the filtration system (Figure 2-5).
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Figure 2-5: Three mechanisms for microplastic capture: a) stuck, b) trapped, and c) entangled
(adapted from Wang et al. [46] )

The modification of biochar is crucial for the microplastic adsorption, since raw biochar
can produce low recovery rate and generate secondary pollutions [47], [48]. Using transition
metals or metal oxides, biochar can be converted to magnetic biochar by impregnation or liquid
precipitation method [48], [49], [50]. The results demonstrated an improvement in the
microplastic adsorption, as the addition of metals to the biochar achieved removal efficiencies
ranging from 94 to 99 % (Figure 2-6a). Furthermore, the microplastic removal efficiencies was
investigated for the adsorption-regeneration cycles. It was observed that three magnetic biochar
materials maintained removal efficiencies between 94 and 96 % after 5 cycles (Figure 2-6b)
indicating the adsorbents were stable over time. The mechanism was due to the high electrostatic
interactions between the negatively charged microplastics and positively charged biochar [50].
Overall, the use of biochar as a bio-based adsorbent can be a viable option for microplastic

removal in water treatment system.
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Figure 2-6: a) Removal efficiencies of magnetic biochar composed of various transition metals,

and b) removal efficiencies after 5 cycles of regeneration (adapted from Wang et al. [50])

2.3.2. Natural Biopolymers for Microplastic Removals

Besides using biochar, biopolymers have also been explored for the microplastic removal
in aquatic systems. These materials possess many advantages since they are renewable, cost-
effective, and biodegradable. Notable biopolymers like chitosan, starch, polycaprolactone, and
cellulose have been investigated for the removal of microplastics from aquatic systems.

Chitosan is the second most abundant natural biopolymer after cellulose, and it is
extracted from chitin of shrimps and crustacean shells through a deacetylation process [51]. Its
molecular structure consists of a glycosidic residue of hydroxyl and amino groups, yielding a
polycationic polymer [52]. The positively charged chitosan, due to the protonation of the amino
groups will interact with negatively charged microplastics via electrostatic interactions. Zeng et
al. fabricated a magnetic chitosan aerogel with polydopamine (PDA-MCS) to achieve high
adsorption capacity and improve the microplastic removal efficiency in aqueous systems [53].
Using the PDA-MCS aerogel, the removal efficiencies of PE, PET, and PS microplastics reached

97.3%, 94.6%, and 92.3% [53]. The mechanisms can be explained by zeta potentials of
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microplastics and aerogels indicating the electrostatic interactions were achieved (Figure 2-7a).
Furthermore, PDA-MCS aerogels showed better adsorption performance in aqueous solution at
pH 6, as the removal efficiency of microplastics was 92 % (Figure 2-7b). However, the increase
in the pH in the aqueous solution reduces the efficiency, mainly due to the presence of hydroxide
ions [54]. Overall, chitosan as adsorbent displayed promising results in capturing microplastics
in aquatic systems. However, it must be optimized to enhance the adsorption performance under

basic conditions.
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Figure 2-7: a) Zeta potentials for modified chitosan aerogels and microplastics, and b) adsorption
effect of PDA-MCS aerogels on PET microplastics at different solution pH (adapted from Zheng
etal. [53])

Starch is another natural biopolymer that has been researched for water treatment
process. Mainly originated in corn, rice, and wheat, it has many advantages such as low-cost,
resource renewability, and biocompatibility [55]. The structure can be classified into two types:
amorphous linear amylose and crystalline branched amylopectin [55]. Despite their differences

in terms of structures and properties, they contain free hydroxyl groups capable of absorbing
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water. However, starch displays poor mechanical strength which possesses many disadvantages
during the filtration or adsorption process. Hence, it must be crosslinked with other polymeric
crosslinkers to enhance its mechanical strength. Fu et al. introduced gelatin, another biopolymer,
to crosslink with corn starch to develop an ultra-light sustainable sponge for microplastic
removal [56]. The results demonstrated high removal efficiency of 90%, due to the strong
hydrophobic and electrostatic interactions between the sponge and microplastics [56]. The
combination of two biopolymers can benefit in the use of sustainable materials for microplastic
removals that reduce the environmental impact.

Polycaprolactone (PCL), a non-toxic, biodegradable polymer, has been studied by
researchers as a potential biodegradable polymer for microplastic removal in aquatic systems.
Due to its hydrophobic characteristics, the polymer has been employed as an adsorption agent to
eliminate organic dyes and heavy metal ions from aquatic solution [57]. Han et al. incorporated
PCL with diatomite to produce an adsorbent-based filtration for the microplastic removal from
aquatic environments [58]. This enhances hydrophobic properties on the filtration device, where
the plastic polymers can adhere to the surface by hydrophobic interactions. Using the fabricated
filter, the removal efficiency of the 1.1 um microplastics achieved 92.23 % and 94.18 % for
concentrations of 10 and 100 ppm, respectively [58].

Lastly, cellulose is the most abundant polymer on earth, and it is obtained from various
resources, such as plants, trees, and bacteria. As a renewable and biocompatible material, it
features many different sizes and shapes, ranging from fibers to crystalline structures [8].
Additionally, it possesses abundant surface functional groups that can be used for physical and
chemical modifications on the surface. With its unique properties, cellulose has played an

essential role in many industrial applications. Several studies on cellulose have been conducted
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to optimize the removal efficiency of microplastics from water. Liu et al. introduced cellulose
nanofiber (CNF) to coat delignified wood for the purpose of removing PS microplastics [59].
The removal efficiency of PS microplastics was evaluated for the CNF-coated delignified wood
membrane. In comparison to raw wood and delignified wood that possessed removal efficiencies
of 24.7 % and 23.57 %, the addition to the CNF yielded a high removal of 96 % (Figure 2-8a).
The varying CNF concentrations were also investigated, and the results revealed that the use of

0.5 wt% CNF achieved the highest removal efficiency (Figure 2-8b).
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Figure 2-8: a) Microplastic removal efficiencies of raw wood, delignified wood, and CNF-coated
delignified wood, and b) microplastic removal efficiencies of different CNF concentrations
(adapted from Liu et al. [59])

Bio-based materials, such as biochar and natural biopolymers are promising alternatives
to existing technologies since they are low-costs, renewable, and biocompatible and display
lower environmental impacts on water sources. They also display remarkable results in removing
contaminants and organic pollutants from water due to their unique properties and
characteristics. However, further improvements on the biomaterials must be considered since the

variety of microplastics possess different structures and properties. Additionally, studies on the
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removal of polyethylene microplastics must be addressed, as these are common polymers that
can be found in several plastic products. For further optimization of microplastic removal from
water, cellulose is the ideal method for water treatment process since its abundant surface
functional groups can attract many polymers or substances to modify the surface of the cellulose

to be hydrophobic.

2.4. Sampling Detection of Microplastics

The quantification and identification of microplastics are essential requirements to
analyze the removal efficiency in water purification process. Recent analytical techniques have
been used to characterize the morphological features of microplastics, and quantify the number
of particles in a collected sample. The following methods used during the water treatment
process include fluorescence staining method, Fourier transform infrared (FTIR) spectroscopy,

Raman spectroscopy, and UV-vis spectroscopy.

2.4.1. Fluorescence Staining Method

The fluorescence staining technique is a simple method that incorporates fluorescent dye
to study the morphological characteristics of microplastics. Typically, Nile red (NR) has been
widely used as a fluorescent dye since it possesses lipophilic properties that binds to the plastic
polymer chains via Van der Waal and additional dipole interactions [60]. Although several dyes
have been studied, such as Evans blue and Calcofluor white, NR is the most attractive due to its
high adsorption to plastics and better fluorescence intensity [10], [60]. In this technique, the NR

stock solution is prepared in various solvents, such as acetone, n-hexane, or chloroform [61].
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Next, microplastics are stained with 1 mL of NR dye, and incubated for 24 h at temperatures (30
— 60 °C) [60], [61], [62]. The dried samples are placed under a green fluorescence microscope to
visualize their structure and size (Figure 2-9). Although the staining method is simple to
implement and inexpensive, the NR dye can co-stain with other organic materials leading to
discrepancies in quantifying the microplastics. To mitigate the issue, lipids and from organic
particles must be removed [61]. Furthermore, some plastic polymers show weak fluorescence
when exposed to light. As explained in Figure 2-9, it was observed that HDPE particles showed
strong fluorescence, while the PVC and PP displayed weak fluorescence. As a result, the
fluorescence staining technique is not the ideal method of quantifying microplastics for water

applications.

Figure 2-9: Images of a) high density polyethylene (HDPE), b) polycarbonate (PC), c)

polyurethane (PU), d) poly(ethylene-vinyl acetate) (PEVA), e) polyvinyl chloride (PVC), and f)
polyester (PES) stained with NR dye under green fluorescence microscope (adapted from Shim
etal. [62])
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2.4.2. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy has been widely used to identify and quantify microplastics in several
water treatment processes. This technique has become a valuable tool to provide quick and non-
destructive detection of organic materials, as well as determining their chemical compositions
[63], [64]. In this method, microplastic samples are irradiated with infrared light, and their
chemical bond structures (carbonyl, hydroxyl, and carbon-oxygen bond) can be determined
based on the absorption peak at a corresponding wavenumber ranging from 4000 to 500 cm™
[64]. The FTIR spectroscopy has two different settings: u-FTIR and attenuated total reflection
(ATR)-FTIR spectroscopy. u-FTIR spectroscopy is extensively used to study small particles (10
um), while, ATR-FTIR spectroscopy is implemented to study large particles (> 500 um) [65].
Automatic FTIR imaging, such as focal plan array (FPA) coupled to the u-FTIR provides fast
acquisition of chemical imaging and generates high resolution for particles ranging from 10 to
500 pum [65], [66].

Lee et al. utilized p-FTIR spectroscopy to evaluate the removal efficiency of PE
microplastics using in-situ ferrate coagulation process [67]. In this study, 10 mg/L of the PE
sample (40 um) was placed into the FTIR imaging, and the number of particles was counted
(Figure 2-10a). After the treatment process, the number of particles were determined for the
effluent sample to determine the removal efficiency (Figure 2-10b). Approximately 96.7 % of PE
microplastics was removed after the coagulation process, and very few particles were visible
based on the FTIR imaging [67]. Furthermore, IR spectrum of PE before and after treatment was
examined, and a significant reduction in the intensity was achieved after coagulation (Figure 2-
10c). Although the FTIR spectroscopy provides a quantitative information on the microplastics,

however the identification of very small particles (< 10 um) can be challenging. Since
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microplastics can be broken down into small fragments due to environmental conditions, these
small particles cannot be identified under the FTIR imaging since the machine has a detection
limit of 10 um [65], and this leads to errors in the quantitative analysis. In addition, FTIR
techniques can be affected by other organic pollutants which can alter absorption peaks in the IR

spectrum.
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Figure 2-10: u-FTIR imaging of a) PE before treatment and b) PE after treatment, and c) IR
spectrum of PE before and after treatment (adapted from Lee et al. [67] )
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2.4.3. Raman Spectroscopy

Raman spectroscopy is another common technique used to quantify microplastics in
water samples. This method is a promising tool compared to the FTIR spectroscopy, since it can
detect very small particles (1 pm) with high resolutions making the quantification more accurate
and precise [68]. Furthermore, it can be employed for wet sample analysis since it has less
interference with water molecules [69]. The principle behind Raman spectroscopy involves the
use of laser that interacts with a sample generating scattered lights [65]. These scattered lights,
containing different frequencies and vibrational properties can be captured by the Raman
spectrum to give information about the structure of the sample. The Raman spectroscopy has
several limitations despite being an effective quantification of microplastics. The use of laser as a
light source can generate heat, which can destroy the sample by particle burning or melting [70].
Secondly, the presence of fluorescence due to the impurities from the sample can interfere with
the Raman spectra, hence it can lead to discrepancies in the quantification [68]. To reduce the
fluorescence signal, the method can be optimized by altering the substrate. Cabernard et al.
introduced gold-coated polycarbonate substrates to improve the reflection-absorption in the
spectra [71]. As a result, it was revealed that a total of 10,550 particles (1 — 10 um) were

identified compared to 5,243 particles (10 — 500 um) by Raman spectroscopy [71].

2.4.4. UV-Vis Spectroscopy

The approach of UV-vis spectroscopy involves the implementation of UV light absorbed
by a sample producing an absorbance peak at a corresponding wavelength [72]. Based on the
Beer-Lambert law, the absorbance peak is directly proportional to the concentration of the

substance [72]. The UV-vis spectroscopy plays an essential role in evaluating the quality of water
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and detecting any contaminant that can damage the aquatic environment. For example, the
technique was used to study the concentration of organic dyes, such as methyl orange and
methylene blue, present in water bodies. The absorption peak of methyl orange and methylene
blue can be observed at a wavelength of 464 nm and 644 nm [73].

Several studies have reported the quantification of microplastics using the UV-vis
adsorption technique. Since microplastic particles are insoluble in water, several organic solvents
have been considered for preparing the dispersions. Batool et al. prepared the microplastic
particles from PMMA, PVC and PVAc by encapsulating with a fluorescent dye, perylene
tetraester (PTE) [74]. When the solution was placed in the UV-Vis spectrophotometer, the
absorption peak was observed at a wavelength of 454 nm [74]. Fan et al. dissolved PET
microplastics in 10 M sulfuric acid, and the peak appeared at a wavelength of 266 nm [75]. An
increase in the absorbances was displayed when increasing the PET concentration (Figure 2-
11a). The calibration curve was generated illustrating the UV absorbances as a function of
concentration (Figure 2-11b). Although the UV-vis spectroscopy showed potential result in
microplastic quantification, limitations can occur in this approach. The use of solvents for
microplastic dispersion can interfere with the plastic particles, which can lead to discrepancies in
the quantitative analysis. Hence, the absorption peak obtained from the instrument might not
represent the actual concentration of microplastics. Additionally, the correct solvent use for
microplastic dispersions is very crucial since unstable suspensions cannot be identified by the
UV-vis spectrometer. Hence, it is considered that an alternative technique must be required to

quantify the accurate number of particles.
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Figure 2-11: a) UV spectra and b) calibration curve of PET dissolved in 10 M sulfuric acid
(adapted from Fan et al. [75] )

2.5. Cellulose and Material Selections

2.5.1. General Introduction to Cellulose

Cellulose is the most promising biopolymer and it has attracted increasing attentions from
various industries due to its excellent mechanical strength, low density, biodegradability, and
biocompatibility. The annual biomass production of the material is estimated between 7.5 x 10%°
and 1.5 x 10* tons [7], [8]. Derived from the primary cell walls of plant materials, cellulose
molecules are packed together in millions of microfibrils, aligned in parallel, by Van der Waals
forces and inter- and intramolecular hydrogen bonding [76]. The cellulose microfibrils consist of
diameters ranging from 2 to 35 nm, and they composed of both amorphous and crystalline
regions (Figure 2-12) [76]. The molecular structure of cellulose is composed of repeating
anhydroglucose units (AGU) covalently linked together by -1,4-glycosidic bonds (Figure 2-12).
Each AGU unit contains three reactive hydroxyl groups on Co, Cs, and Cs, and these groups play

an important role in surface modification through various chemical processes. The degree of
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polymerization (DP) of cellulose ranges from 100 to 20,000, depending on the length of the

chain [76], [77].
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Figure 2-12: Schematic representation of the hierarchical structure of cellulose fibers and the

chemical structure of cellulose (adapted from Casanova et al. [7] )

2.5.2. Extraction Techniques of Cellulose from Natural Resources

Over the years, different techniques and methods have been explored for the extraction of
cellulose from lignocellulosic biomass in order to meet high demands for green materials in
various engineering fields. The selection of cellulose extraction method depends on the plant
sources, desired fiber dimensions, required purity, and yield [7]. The extraction of cellulose
occurs in two stages (Figure 2-13): (1) pretreatment of source materials, and (2) production of
cellulose derivatives as micro and nanostructures [78]. The pretreatment process is first carried
out by dewaxing the biomass to eliminate impurities such as wax, resins, and oily substances. A

mixture of organic solvents with different polarity, which are either benzene/methanol,
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hexane/ethanol, ethanol/toluene, is applied to the material to interact with the polar and nonpolar
contaminants [79]. Next, alkali treatment involves the decomposition of hemicellulose and lignin
from the material using NaOH or KOH under high temperatures between 50 and 210 °C [80],
[81], [82]. After the alkalization process, successive bleaching finalizes the removal of excess
hemicellulose and lignin purifying cellulose by adding H202, CaClO, or NaClO substance [81].

After the purification process, the second stage involves depolarization of cellulose into
various derivatives consisting of both micro and nano-sized materials. Three basic approaches,
namely, acid hydrolysis, enzymatic hydrolysis, and mechanical treatment have been used to
break down amorphous or crystalline region to produce the desired morphology (Figure 2-13).
Acid hydrolysis is the most commonly used technique where the acid eliminates the amorphous
region of cellulose microfibrils forming a crystalline structure [82]. Typical acids for cellulose
extraction are sulfuric acid, hydrochloric acid, and phosphoric acid [82]. However, sulfuric acid
is determined to be more effective as it produces a negative surface charge on the surface of the
cellulose resulting in more stable suspensions [78], [79]. Although studies have used
hydrochloric acid in the extraction process, the resulting product displays poor colloidal stability
in agueous solution due to the lack of ionic interactions between crystalline particles and water
molecules [83]. Enzymatic hydrolysis is another extraction technique, where the cellulose chains
are broken down into small molecules by the enzymes. This biological process contains low
toxicity and uses less energy consumption thereby reducing the environmental impact [84]. The
most common types of enzymes used in the extraction process are endoglucanase,
cellobiohydrolases, and B-glucosidases [84]. However, enzymatic processes are typically slow
making the extraction less efficient. As a result, catalysts must be added to improve the

hydrolysis process. Aside from chemical and biological treatments, mechanical processes, such
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as ultrasonication, high-pressure homogenization, and grinding, have been used to extract
cellulose fibrils from the plant sources [78]. The methods break down the crystalline region of
the cellulose microfibril forming a cellulose nanofiber [79]. Once the cellulose has been
extracted to yield the desired morphologies, the final stage involves sonication, freeze-drying,

and centrifugation to obtain commercial grade products [78], [79], [82].
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Figure 2-13: Schematic diagram of the chemical process involving cellulose extraction from

lignocellulose biomass (Owonubi et al. [79])

2.5.3. Type of Cellulosic Derivatives

The extraction of cellulose using chemical, biological, and mechanical techniques have
demonstrated promising results in producing desired morphologies for industrial applications.

Among the derivatives, microcrystalline cellulose (MCC), nanofibrillated cellulose (NFC), and
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nanocrystalline cellulose (NCC) are widely studied since these three materials showed promising

tools in several engineering fields (Figure 2-14).

Cellulose Nanocrystals

—
.f"/\

Amorphous region Crystalline region

e

Cellulose microfibrils Microcrystaline cellulose

Figure 2-14: Microcrystalline cellulose (MCC) and nanocellulose (NFC and NCC) production

from cellulose microfibrils (adapted from Casanova et al. [7] )

2.5.3.1 Microcrystalline Cellulose (MCC)

MCC is a white powdered material that is mainly used in pharmaceuticals and food
packaging. It can be synthesized by acid hydrolysis to break down the amorphous region of the
cellulose microfibrils forming a short crystalline fragment [82]. The resulting product has a
diameter ranging from 10 to 50 um with a high cellulose content [78]. However, dispersing MCC
is a challenge since the cellulosic molecules can agglomerate. Due to the presence of hydroxyl
groups in each repeating glucose units, they can interact with each other by hydrogen bonding

resulting in poor dispersibility in water.
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2.5.3.2 Nanofibrillated Cellulose (NFC)

NFC is one of the common types of nanocellulose derived from the microfibrils. It has
been studied for various biomedical applications including drug delivery, wound healing, and
tissue engineering [85]. The difference between nanofibrillated cellulose and microfibrillated
cellulose (MFC) is that NFC produced using chemical pretreatment followed by a high-
pressurized homogenization to remove the crystalline region of microfibrils, while MFC is
produced via chemical treatment [86]. The structure of NFC consists of repeated glucose
molecules bound together by hydrogen bond network. This produces unique properties, which
include exceptional mechanical strength, high aspect ratio, and low thermal expansion [87]. The
parameters of NFC are approximately 20 — 50 nm in diameter and 200 nm in length [86], [88].
With its unique structures and properties, NFC can benefit in water purification process as

adsorbents or filtration devices to capture organic pollutants.

2.5.3.3 Nanocrystalline Cellulose (NCC)

The cellulose microfibrils can further be enhanced by breaking down into nano-scale
region using extensive acid hydrolysis. This modification produces a rod-like shape, known as
nanocrystalline cellulose (NCC) or cellulose nanocrystals (CNC). The structure of NCC
composed of 5 — 20 nm in diameter, and 5 — 500 nm in length [78], [82]. Depending on the acid
type for the hydrolysis, the surface functional groups vary on the NCC molecule. For example,
the use of H2SO4 results in the formation of NCC comprised of negative sulfate groups (-OSO3")
groups on the surface [7]. In comparison with the MCC and NFC, the NCC displays high
crystallinity, large surface area, and excellent mechanical strength. In addition, the amount of

surface functional groups on the NCC provides sites for surface modification making the
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material more compatible [78]. Over the years, there have been increasing interests from several

industries in the production of NCC due to its sustainable approach for engineering applications.

CelluForce Inc., one of Canada’s leading manufacturers, produced NCC at a capacity of 1

tons/day, while Blue Goose Biorefineries Inc. produced NCC a capacity of 100 kg/day [89], [90].

However, they both use different plant sources and incorporate different extraction techniques for

NCC productions. Table 2 shows the production of NCC from different global companies

throughout the years.

Table 2: Lists of global companies in NCC production from lignocellulosic biomass (adapted

from Haldar et al. [82] )

Companies Locations Raw materials Extraction processes
CelluForce Inc. Canada Wood pulp Acid hydrolysis using H2SO4
Cellulose Lab Canada Cotton, kraft pulp, sisal, Acid hydrolysis (H2SO4, HCI,

tunicate cellulose

H3POa)

Blue Goose Biorefineries  Canada
Inc.

Pulp from
lignocellulosic biomass

Metal catalytic oxidation

American Process Inc. USA Bamboo Chemical treatment using acid
and alcohol
ICAR-CIRCOT India Cotton and cotton linters  Enzymatic and mechanical

treatments
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2.6. Conclusions

The chapter provides a general description of microplastics and strategies for removing
the microplastics from aquatic systems. While numerous publications have been investigated on
existing technologies for the microplastic removal, many sustainable materials have gained
increasing attentions from researchers due to their low-cost, biodegradability, and
biocompatibility. Cellulose is a promising candidate for biomaterial, as its unique properties can
maintain a stable structure in aqueous solution and capture high amounts of microplastics. Using
both micro and nanocellulose materials, their abundant functional groups can be reacted with
different polymers or substances to modify their surfaces for the purpose of microplastic

removal.
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Chapter 3: Development of Microplastic Detection and Analysis

3.1. Introduction

Over the years, there have been many research studies on the microplastic behaviors in
aquatic environments. PS microplastics have been mainly focused since they are capable of
suspending in aqueous solution due to their high density. However, PE microplastics contain
hydrophobic properties and have low density making the particles float in water, which pose
challenges during the quantification process. Surfactants are widely used as dispersants in
laboratory research and industrial applications [91], and due to their amphiphilic characteristics
associated with the polar hydrophilic head and non-polar hydrophobic tail, they can be adsorbed
at the particle/water interface and yield a well-dispersed suspension [91]. Surfactants are
classified into three categories, depending on the surface charges on their head groups: anionic,
cationic, and nonionic surfactants [92]. These variety of surfactants can be found in laundry
detergents and fabric softeners, which can adsorb onto textile fibers of clothings [93]. A recent
study by Sun et al. revealed that PE microplastics disperse easily in three types of surfactants:
sodium dodecyl benzene sulfonate (SDBS), polysorbate 80 (Tween 80), and
hexadecyltrimethylammonium bromide (CTAB) [94]. These dispersions can alter the surface
charge of the microplastics which are important characteristics to note when designing a
filtration system for microplastics.

Quantification of PE microplastics is another step to evaluate the particle concentration in
an aqueous solution. Regarding the techniques reported by many researchers for quantifying the
microplastic particles, many disadvantages have been noted that lead to discrepancies in the

results. To mitigate the issue, the detection system must be simple and possess fast detection in
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order to obtain a precise quantification of the particles. Coulter counter offers an attractive
method for microplastic quantification, as it is an apparatus for counting and sizing particles in
an electrolyte solution. The method applies a metering pump to draw the suspended particles into
a small cylindrical aperture with two electrodes. The passage of each individual particle induces
a change in the electrical resistance that produces a voltage pulse [95], [96]. With each pulse, the
number and size distributions of particles are determined. Modern coulter counters are capable of
detecting particles smaller than 1 um [97], which can be beneficial to count number of
microplastics with size less than 10 pm.

In this chapter, PE microplastics were stabilized with SDBS, CTAB, and Tween80
surfactants in order to suspend these particles in an aqueous solution. Since Coulter counter was
the ideal apparatus for microplastic quantification, sodium chloride solution was selected as the
conductive liquid due to its high conductivity. The optimal mass ratio between the PE and the
surfactant were investigated to determine the ideal concentration of surfactant for better
dispersion stability. Afterwards, zeta potentials and particle sizes of three PE dispersions were
analyzed to obtain information for the design of the pulp foam. Finally, calibration curves of the

three PE dispersions were created to determine the particle’s concentrations.

3.2. Materials and Methods

3.2.1. Materials

Polyethylene microparticles (PE, powder) were purchased from BASF, USA. Sodium
dodecylbenzenesulfonate (SDBS, powder, < 100%), hexadecyltrimethylammonium bromide
(CTAB, powder, > 99%), and Tween®80 (Tween 80, viscous liquid) were purchased from Sigma

Aldrich. Sodium chloride (ACS reagent, 99%) was purchased from Fisher Scientific.
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3.2.2. Preparation of PE Microplastics using Three Stabilizing Agents

320 mg of PE powders were measured and injected into the 40-mL NaCl solution (1
wt%). A stock solution of SDBS (2.5 wt%) surfactant was prepared in 1% NaCl solution, and
was diluted to achieve specific PE:SDBS mass ratios (1:0.001 to 1:0.1). Then, each sample was
bath sonicated for 3.5 hours to produce a well-dispersed microplastic suspension (pls show the
picture before and after the addition of surfactant). The particle sizes of PE:SDBS samples were
measured using the Anton Paar PSA 1190. Using the information from the PSA, the ideal mass
ratio was used for PE dispersed in two other surfactants: CTAB and Tween80. Figure 3-1 shows

the schematic representation of the PE microplastics dispersed in three different surfactants.
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Figure 3-1: Schematic illustration of polyethylene microparticles dispersed in: (a) SDBS, (b)
CTAB, and (c) Tween80

3.2.3. Particle Sizes and Zeta Potentials

The PSA was used to determine the size of the PE microparticles and estimate the
optimal surfactant concentrations for the PE dispersion. In the PSA quantification, 8 mg/mL
concentrations of PE:SDBS, PE:CTAB, and PE:Tween80 were prepared, and 2.5 mL of each
sample was added to the particle analyzer. For the zeta potential measurement, the samples were
diluted to 100 mg/L in 1% NaCl solution and bath sonicated for one minute. The measurements
of each sample were performed using the Malvern Nano-ZS90 Zetasizer, and averages were

calculated by obtaining the average of six measurements of 10 runs.
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3.2.4. Coulter Counter

The objective of utilizing the coulter counter was to identify the number of microplastics
suspended in an aqueous solution. The equipment was filled with 1% NaCl solution, and the
detection limit was set to 4.72 um. PE-SDBS, PE-CTAB, and PE-Tween80 stock solutions with
concentration of 800 mg/L, were prepared in 1% NaCl solution. The solutions were then diluted
to 12 different concentrations (0.1- 60 mg/L), and they were bath sonicated for 5 minutes before
they were introduced to the Beckman Coulter® Z Series to determine the number of particles for

each concentration that was used to prepare a calibration curve.

3.3. Results and Discussions

3.3.1. Particle Sizes and Zeta Potentials Results

As previously discussed in section 3.2.2, the ideal mass ratio of PE:SDBS was selected
by analyzing their particle sizes. Figure 3-2 displays the PSA results of varying PE:SDBS mass
ratios. At PE:SDBS mass ratios of 1:0.001 and 1:0.005 the PE microplastics were not well-
dispersed after bath sonicating for 3.5 hours due to the insufficient amount of SDBS surfactants
added to the suspensions. As a result, the PE particles could not be dispersed in an aqueous
solution leading to larger particle sizes. At PE:SDBS mass ratio of 1:0.001, the initial particle
diameter was determined to be 29.0 pum, and when the mass ratio PE:SDBS was further
increased to 1:0.01, the diameter decreased to 7.6 um. After further increase in the surfactant
concentration, the sizes remained constant. This was due to the fact that between the PE:SDBS

mass ratio of 1:0.01 to 1:0.10, the PE microplastics were well-dispersed in water representing.
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the actual diameter of the microplastics. To determine the optimum mass ratio, PE:SDBS =

1:0.02 was selected since the dispersion time was lower than PE:SDBS = 1:0.01.
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PE:SDBS mass ratio (1:_)
Figure 3-2: PSA results of various mass ratios of PE:SDBS

Once the optimum PE:SDBS mass ratio was chosen, it was then used to prepare PE
dispersion of PE:CTAB and PE:Tween80. The particle sizes were measured for all three
suspensions, and it was determined they were all within the range between 7.5 and 9.1 um. The
slightly larger particle size for PE:Tween80 was due to slightly longer carbon chains on
Tween80.

After analyzing the particle sizes of the three suspensions, the next step was to determine
their zeta potentials. As explained in section 3.2.2., it was expected the PE stabilized by the three
surfactants would display different surface charges. When zeta potentials were examined for
each dispersion, it was determined the PE:SDBS, PE:CTAB, and PE:Tween80 were -46.13,

+12.33, and -3.36 mV (Table 3). As shown in Figure 3-1, the long carbon chains of the surfactant
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molecules interacted with the PE particles through hydrophobic interaction leaving the
hydrophilic heads of the surfactants with different surface charges. As expected, PE:SDBS and
PE:CTAB displayed negative and positive zeta potentials. When PE was stabilized by Tween80,
a nonionic surfactant, it exhibited a slightly negative zeta potential that was consistent with the
small amounts of carboxylate groups on the PE microplastics. The information on the PE surface

charge can benefit for the foam production.

Table 3: Particle sizes and zeta potentials of PE dispersions

PE:SDBS PE:CTAB PE:Tween80
Particle sizes (um) 7.51 8.91 9.08
Zeta potentials (mV) -46.13 +12.33 -3.36

3.3.2. Coulter Counter Calibration Curves

The purpose of utilizing the Coulter counter was to quantify the number of microplastics
in an aqueous solution. As explained in section 3.2.4, twelve PE concentrations (0.1 — 60 mg/L)
stabilized by SDBS, CTAB, and Tween80 surfactants were prepared and quantified by the
particle counter, and the calibration curve was plotted based on the results for each PE
concentrations. From Figure 3-3a all three PE dispersions displayed similar slopes with
coefficients ranging between 2760 and 2810. In addition, all three curves showed strong
correlations between the # of particless/mL and PE concentrations. The particle count was
recorded as 3,804 for 2 mg/L of PE. At 4 mg/L of PE, the particle number doubled to a value of
7,147. The results confirmed that the Coulter counter provided a precise quantity of microplastic

in an aqueous solution. With this information, the average calibration curve was plotted (Figure
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3-3b), which could be used to determine the unknown concentrations during the filtration

experiments.
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Figure 3-3: a) Coulter counter calibration curves using three PE dispersions and b) average

calibration curve of PE

3.4. Conclusions

This chapter summarizes the preparation and quantification of the PE microplastic
dispersion in three different stabilizing surfactants, SDBS, CTAB, and Tween80, to enhance the
hydrophilicity of the microplastics in an aqueous solution. The ideal mass ratio of the PE and the
surfactant was investigated to identify the optimal particle stability in water. At a mass ratio of
1:0.02 PE:SDBS, the particle size measurements approached a constant value indicating the
hydrophilicity of PE has been stabilized in water. This optimal mass ratio was selected for the
other two stabilizing agents. Furthermore, the PE:SDBS, PE:CTAB, and PE:Tween80
dispersions showed promising results, as their zeta potentials were determined to be -46.13,
+12.33, and -3.36 mV, respectively. These representations demonstrated the modifications of PE

microplastics were successful.
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The utilization of Coulter counter to determine the PE microplastic concentration
confirmed that this apparatus was capable of precisely detecting the number of particles
suspended in an aqueous solution. This was further confirmed by the calibration curve, as it
displayed a strong linear relationship between the number of particles per milliliter and the
concentrations of PE microplastics. With this curve, it could be used for analyzing the filtration

performance of the pulp foam during the filtration tests, as will be discussed in Chapter 5.
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Chapter 4: Cellulosed-based Softwood Pulp Foam for Microplastic

Capture Removal
4.1. Introduction

Current technologies, namely coagulation-flocculation and membrane bioreactors,
provide disadvantages in the water purification process due to their high energy consumptions,
installation costs, and environmental risks. Furthermore, their abilities of removing microplastics
from large bodies of water shows discrepancies in the results since these microplastics existed in
various sizes and shapes. To mitigate the issue, a low-cost and environmentally friendly filter
must be developed and installed in the discharge end of a washing machine to capture the
microplastics released from the washing of clothes.

Cellulose has become an attractive candidate for water treatment applications due its
unique properties and features. With their abundant surface functional groups and excellent
mechanical strength, this natural biopolymer has been implemented to produce multiple solid
materials, such as aerogel or hydrogel. A lightweight pulp foam based on cellulose has drawn
significant attentions due to its low density and high porosity [98]. It has used in many
applications, such as thermal insulation, material packaging, and water filtration [99]. The
production of solid pulp foam is achieved by the introduction of air bubbles in the material,
which improves the porous structure [99]. To generate bubbles, surfactants is added under a
vigorous stirring. Sodium dodecyl sulfate (SDS) have been widely for the preparation of foam,
since it is cost-effective and possesses high foam stability [100], [101]. However, there are some

limitations since the pulp foam can be destabilized due to drainage, coalescence, and coarsening
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[102]. To mitigate the problem, Pickering emulsions was introduced to stabilize the air bubbles
inside the foam [102]. Once the wet foam has been produced and transferred to a mold, the final
product can be formed using various freezing and drying protocols. These include freeze-drying,
vacuum/oven-drying, and supercritical carbon dioxide drying [98], [101].

In this chapter, microcrystalline cellulose (MCC) and nanocrystalline cellulose (NCC)
were selected as naturally derived materials for the preparation of softwood pulp foam. Since
MCC and NCC contain large amounts of negative functional groups, electrical repulsions
between the cellulose derivatives and microplastics are present. Thus, the surface of the cellulose
materials must be modified to introduce both cationic and hydrophobic functionalities.
Hydrophobic modification of cellulose can be achieved by coating with surfactants. Being an
amphiphilic molecule, the head of the surfactant electrostatically interacts with the surface of the
MCC and NCC, where the microplastic’s surface charge comprises that of the hydrophilic head
groups of the surfactant. SDS surfactant displays high foamability and foam stability. However,
for anionic surfactant, where interacting with the negatively charged cellulose surface can be
promoted by modifying the surface of the cellulosic materials. Hence, 3-chloro-2-
hydroxypropyldimethyldodecylammonium chloride (QUAB 342) surfactant was deemed to be
the ideal solution since it is a cationic surfactant with dodecyl hydrocarbon (C12) chains. Also,
QUAB 342 surfactant contains one hydroxyl group which can be activated to produce an epoxide
ring that will readily react with the hydroxyl groups on the surface of MCC or NCC. With this
approach, the cationic and hydrophobic features could be introduced to the cellulosic materials.
The cellulose-based softwood pulp foam must possess excellent mechanical strength and high

stability to withstand the higher flow rate during the filtration experiments. Hence, (3-
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glycidyloxypropyl)trimethoxysilane (GPTMS) and branched poly(ethyleneimine) (PEI) were

selected to crosslink with softwood pulp fiber for the foam preparation [103].

4.2. Materials and Methods

4.2.1. Materials

Softwood pulp fibers (WF) were supplied by Suzano, Brazil. Microcrystalline cellulose
(MCC), and (3-glycidyloxypropyl)trimethoxysilane (GPTMS, > 98 %), were purchased from
Sigma Aldrich. Nanocrystalline cellulose (NCC) were supplied by CelluForce Inc.
Poly(ethyleneimine) (PEI, 50 wt%) solution was purchased from Supelco. 3-chloro-2-
hydroxypropyldimethyldodecylammonium chloride (QUAB 342, 40 % chlorohydrin) was

purchased from QUAB Chemicals. Milli-Q water was used as a solvent for all procedures.

4.2.2. Synthesis of QUAB342-MCC/NCC

As described earlier, QUAB 342 surfactant was grafted onto the surface of MCC
producing both hydrophobic and cationic properties. The reaction mechanisms and the schematic
illustrations of the QUAB342-MCC synthesis are shown in Figure 4-la and 4-1b. In the
synthetic process, 833 mL of QUAB 342 was pre-heated to 45 °C. Next, a pre-activation process
was conducted where 151.2 mL of 6 M NaOH were added to the heated QUAB 342 solution at a
mole ratio of QUAB 342:NaOH = 1:1, and the solution was mixed for 13 minutes. This produced
an epoxide ring on the end of the QUAB 342 molecule (Figure 4-1a). 150 g of MCC powder was
weighed and placed onto a metal bowl, and 18.45 g of NaOH pellets were ground, and mixed
with the MCC powder to yield a mass ratio of MCC:catalytic NaOH of 1:8.13. The pre-activated

QUAB 342 was slowly added to the MCC-NaOH mixture and stirred for 5h at a temperature of
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between 42 — 45 °C. The QUAB342-MCC synthesis was examined every 30 minutes to ensure

no color change occurred during the reaction. Simultaneously, the reaction temperature was

monitored.
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Figure 4-1: a) Reaction mechanism and b) experimental procedures for QUAB 342-MCC/NCC

synthesis
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After 5-h of reaction, the mixture was cooled to room temperature, and centrifuged to
purify the product as at 10,000 rpm for 8 minutes. After the centrifugation, the impurities were
removed and the solid QUAB342-MCCs were recovered. A certain amount of Milli-Q water was
added to minimize the viscosity of QUAB342-MCC, and the QUAB342-MCC was dialyzed in a
bucket of deionized water for 3.5 days to remove unreacted NaOH and QUAB 342. After
dialysis process, the sample was collected, and gravimetric analysis was performed to determine
the concentration. Similar procedures were conducted for the synthesis of QUAB 342-NCC

(Figure 4-1b).

4.2.3. Preparation of WFQ342MCC Foam

30 g of softwood pulp fibers (WF) were soaked in 1-L of distilled water at room
temperature for 3 days. The soaked fibers were then placed into a fiber beater and subjected to
700 beats to produce 3 wt% WF suspensions. 200 g of WF suspensions were weighed and
transferred to a 400-mL glass beaker. 6 g of GPTMS were added to the suspensions at a mass
ratio of WF:GPTMS=1:1, and stirred for 30 minutes. A certain amount of QUAB342-MCC (225
mg/mL) was added to the suspensions and pre-stirred for 5 minutes to achieve a homogeneous
dispersion. After the pre-mixing process, the mixture was transferred to the 10-speed blender
(name the model and type) and mixed for 5 minutes at a speed setting of 6. After 5-minute of
blending, 30 g of PElI (20 wt%) was added to the mixture at a mass ratio of
WF:GPTMS:PEI=1:1:1 (Figure 4-2a). The blending process was continued for another 5 minutes
to produce a pulp foam, which was then transferred to the 1” cylindrical mold containing
polyester mesh attached to the bottom. Seven samples were produced, each weighing 26 g, and

they were kept in a freezer overnight. The samples were removed from the freezer and dried
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under ambient condition for 12 h. Figure 4-2b provides a schematic illustration of softwood pulp

foam preparation process.

(a)

GPTMS

(b)

Soft Wood Pulp WF+GPTMS+QUAB WF+GPTMS+QUAB
(WF) (3 wt%) 342-MCC (0.8 %) 342-MCC (0.8 %)
. +PEI
Thawing I ‘
N U9
WFQ342MCC-0.8 Freezer Foam molding

Figure 4-2: a) Schematic illustrations of softwood pulp crosslinking with GRTMS and PEI
(adapted from Tang et al. [103]), and b) experimental procedures of softwood pulp foam

preparation
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4.2.4. Foam Porosity

WFQ342MCC-0.8 and WFQ342NCC-0.8 foams were soaked in Milli-Q water in a
beaker, which were placed in a vacuum oven for 3.5 h at a pressure of 25 kPa. This technique
removed all air bubbles trapped inside the foams. The soaked WFQ342MCC-0.8 and
WFQ342NCC-0.8 foams were then transferred to the VWR M-Series moisture analyzer to
remove all the water present in the pulp foam at a drying temperature and time of 70 °C for 3.5h
respectively. The pore volume was calculated from the difference of wet and dried mass of the
foam and the density of water (1.0 g/cm®) (Eg. 1). Since the foam was a cylindrical shape,

volume of the foam could be easily determined from the height and diameter.

P(%) = 222 x 100 (Eq. 1)

Vfoam

where Vpore represents the pore volume, and Voam represents the foam volume.

4.2.5. Particle Sizes and Zeta Potentials

The Anton Paar PSA 1190 was used to determine the size of QUAB342-MCC and
QUAB342-NCC. For the zeta potential measurement, the two samples were diluted to 0.05 %,
and bath sonicated for 5 minutes. The measurements of each sample were performed using the

Malvern Nano-ZS90 Zetasizer, and averages were determined from the average of 10 runs.
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4.2.6. Silver Nitrate (AgNOg) Titrations

QUAB342-MCC and QUAB342-NCC samples were diluted to 0.3 wt%, and 30-mL of
the sample was titrated with 10 mM AgNOs to determine the amounts of quaternary ammonium
groups. The titration curve was obtained by measuring the conductivity of the solution as a
function of the titrant volume. The quaternary ammonium group (QAG) was calculated using Eq.
2.

AgNO3 XCAgNO3

14
QAG = (Eq. 2)

Msample

where Vagnos IS the equivalence point where the conductivity begins to increase, cagnos is the
concentration of AgNOs titrant, and msampie is the mass of the QUAB342-MCC and QUAB342-

NCC.

4.3. Results and Discussions

4.3.1. Physical Characterization of Cellulosed-based Softwood Pulp Foams

In the previous section, QUAB342 surfactant was grafted onto the MCCs imparting both
cationic and hydrophobic functionalities to the MCC. The modified MCCs were added to the
softwood pulp foam for the capture of microplastics. After the blending process described in
section 4.2.3, 26 g of WFQ342MCC-0.8 foam was weighed and poured into the mold. As shown
in Figure 4-3, the foam was filled to the 25-mL mark on the centrifuge tube. Plastic mesh was
placed inside the tube for the excess water to drain from the tube leaving only the pulp foam,

which led to a shrinkage in the volume by approximately 5 mL. The solid foam was placed
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inside the freezer for curing and it was thawed for 24 h at room temperature to generate a high
porous structure.

Different drying methods were investigated during the foam preparation steps. Before the
freezing method, vacuum oven drying was first examined with the pressure and temperature
were set to 2 kPa at 50 °C respectively. The foam was dried overnight, however gaps occurred on
the surface of the foam resulting in leakages on the walls of the tube. The freezing and ambient
drying conditions were compared based on their physical properties. In this experiment, two
foams with different curing conditions were placed for 5 minutes in liquid nitrogen and freeze-

dried for 3 days.

Foam molding After freezing After thawing

Figure 4-3: Schematic representations of softwood pulp foam curing process

The foams were cut in half, and the interior microstructure of the foam was examined and
quantified. Based on the physical characterization, it was observed the foam with the freezing
condition was stable as indicated by its smooth surface. This implies the GPTMS and PEI
successfully crosslinked with the softwood pulp fibers. While the foam with the ambient

condition displayed gaps in the middle of the foam, as well as concave profile on the top surface,

52



indicating there were very little crosslinking reactions in the material (Figure 4-4). From the two
approaches, the freezing method maintained the crosslink within the foam, which was beneficial
and contributed to the good mechanical strengths and high porous structure. Furthermore, the
two foams were compared by pouring 30 mL of Milli-Q water into the material. Based on the
observation, the foam prepared at the ambient conditions inhibited the flow of water, hence the

freezing method found to be the most suitable method for the pulp foam preparation.

Ambient condition Freezer

Figure 4-4: Visual representations of softwood pulp foam with different drying conditions

4.3.2. Foam Stability Analysis

Different concentrations of QUAB342-MCC were considered in the study on the foam
stability. WF foams containing QUAB342-MCC concentrations between 0.8 to 1.0 % were
prepared by blending and pouring into graduated cylinders (Figure 4-5a). The foam volumes
were measured from 0 to 24 h to examine the possible separation from the solid to liquid (Figure
4-5b). We determined that the cellulose foam containing 0.8 % QUAB342-MCC concentration
was the most stable, while increasing the surfactant concentration resulted in the observed phase

separation after 24 h (Figure 4-5a).
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Figure 4-5: a) foam stability tests after 0 and 24 h, and b) foam volumes of different QUAB342-
MCC concentrations

4.3.3. Particle Sizes and Zeta Potentials Analysis

The zeta potentials and particle size of QUAB342-MCC and QUAB342-NCC samples
were measured to examine the surface charge. Both QUAB342-MCC and QUAB342-NCC
displayed positive zeta potentials ranging from +30 to +40 mV (Figure 4-6). Furthermore, the
particle sizes for the two were ranged between 16 and 18 um. These results demonstrated the two

systems were successfully modified, and they could capture the microplastics.
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Figure 4-6: Zeta potentials of QUAB 342-MCC and QUAB 342-NCC

4.3.4. AgNOs Titrations

As previously explained in section 4.2.6, the QAGs of QUAB342-MCC and QUAB342-
NCC were determined using 10 mM AgNO:s as the titrant. Figure 4-7a shows the two solutions
before and after reacting with AgNOs. After the experiment, the titration curves of QUAB342-
MCC and QUAB342-NCC were plotted to determine the QAG values for the two foams (Figure
4-7b). In the first stage, the addition of Ag™ interacted with the counter-ion CI" to form insoluble
AgCI(s) that contributed to the reduction in the conductivity. The second stage occurred when all
the AgNOs reacted with all the counter ions, as well as the excess Ag* and NOs". This led to an
increase in the conductivity of the solution, and the two samples began to form cloudy
appearances. The equivalence points of the two samples were identified, and using Equation 4.2,
the QAGs for QUAB342-MCC and QUAB342-NCC were determined to be 0.46 mmol/g and

0.52 mmol/g, respectively.
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Figure 4-7: a) Visual images of QUAB342-MCC and QUAB342-NCC before and after titrations,
and b) titration results of QUAB342-MCC by 10 mM AgNO3

4.3.5. Foam Porosity Results

As described in section 4.2.4, the porosity of the WFQ342MCC-0.8 and WFQ342NCC-
0.8 foams were determined from the difference in the weight of the sample using the moisture
analyzer. The use of NCC to prepare the pulp foam, a high porosity was expected since
nanomaterials could enhance the adsorbent surface area. Before performing the porosity analysis,
different drying temperatures ranging from 70 to 100 °C were performed. This reduced the
drying time when the test was conducted at higher temperatures. However, it was observed that
the fibers turned brownish when temperatures were set to 90 or 100 °C. As a result, 70 °C was
selected as the preferred drying temperature for the porosity measurements. In the first phase,
each soaked softwood pulp foam was placed inside the moisture analyzer, and their initial masses
were obtained from the instrument During the heating process, a reduction in the mass was

observed over time, indicating removal of water inside the foam by evaporation. In the second
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phase, the mass of softwood pulp foam remained stable demonstrating every water droplet
absorbed in the foam and the wood fibers was completely evaporated. The final dried foam was
determined by the point of intersection of the two curves (Figure 4-8a). Using Equation 1, the
porosity of WFQ342MCC-0.8 and WFQ342NCC-0.8 foams were calculated. As displayed in
Figure 4-8b, the porosity of WFQ342MCC-0.8 foam was determined to be 83.4 %. While
WFQ342NCC-0.8 showed a porosity of 78.8 %, which corresponds to a foam containing MCC
adsorbed with higher amounts of water content compared to the foam containing NCC. The

comparison of the two foams will be further examined in the filtration performance.
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Figure 4-8: a) Moisture analyzer results and b) porosity results of the two foam configurations
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4.4. Conclusions

This chapter focuses on the development of softwood pulp foam containing cellulose-
based materials to act as a sustainable filtration device for microplastic removal. QUAB 342
surfactant was grafted onto both surfaces of MCC and NCC to produce cationic and hydrophobic
functionalities to the foam. The grafting process displayed remarkable results, as the modified
cellulosic materials generated positive surface charges ranging from +30 to +40 mV. In addition,
the amounts of quaternary ammonium groups for QUAB342-MCC and QUAB342-NCC were
determined using the AgNOs titration, which were calculated to be 0.46 mmol/g and 0.52
mmol/g, respectively.

The modifications of MCC and NCC were then incorporated into the two foam
configurations (WFQ342MCC-0.8 and WFQ342NCC-0.8) for the purpose of removing
microplastics from water. Two crosslinking agents, GPTMS and PEI, were added to the softwood
pulp foams to produce higher mechanical strength and excellent pore structures. Different
dosages of QUAB342-MCC were added to evaluate the stability of the foam during the
production process. It was determined that the increase in the QUAB342-MCC concentrations
decreased the foam stability, as phase separation occurred after 24 h. The porosity analysis of
WFQ342MCC-0.8 and WFQ342NCC-0.8 foams was conducted using a moisture analyzer. After
the calculations, it was concluded the WFQ342MCC-0.8 foam possessed a higher value of 83.4
%, compared to the value of 78.8 % for WFQ342NCC-0.8 foam, and foam containing MCC was

capable to obtain high amounts of water molecules than the foam with the NCC.
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Chapter 5: Optimization of Microplastic Removal using Softwood

pulp Foam

5.1. Introduction

After the successful development of WFQ342MCC-0.8 and WFQ342NCC-0.8 foams, the
final step was to examine their filtration performances using PE microplastics. Since many
studies demonstrated promising results in the removal of PS microplastics, few studies had been
conducted to evaluate the removal efficiency of PE microplastics due to their low density and
hydrophobic properties. By dispersing PE using anionic, cationic, and nonionic surfactants, the
removal efficiency of the microplastics was examined.

WFQ342MCC-0.8 foam was analyzed for the removal of various concentrations of
PE:SDBS, PE:CTAB, and PE:Tween80 microplastic dispersions. Due to its cationic and
hydrophobic properties, it is likely the material could interact with the microplastics via
electrostatic and hydrophobic interactions. Next, WFQ342MCC-0.8 foam was further
investigated by analyzing its capacity to capture microplastics during the filtration test. This
experiment focused on pouring multiple passes of different concentration of PE suspensions onto
the foam to evaluate the removing efficiency of PE microplastics. Aside from microplastic
filtration experiment, methyl orange dye was used for the filtration experiment to examine if the
electrostatic interactions between the anionic organic dye and cationic foam were successful.

Lastly, the filtration performance for WFQ342NCC-0.8 was optimized for microplastic removal.
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5.2. Filtration Experiments

5.2.1. Experimental Procedures of PE Filtration Experiment

WFQ342MCC-0.8 foam was placed in a vacuum filtration system, where vacuum was
applied for 75s to remove excess liquid trapped inside the tube. This ensured that the fluid could
pass through the pulp foam. The foam was rinsed four times with 1% NaCl solutions, and the
vacuum filtration process was applied to remove excess NaCl trapped inside the tube. 30 mL of
PE dispersions were poured onto the foam and the effluents were collected from the bottom of
the tube (Figure 5-1), and the filtration time was measured. The collected samples were analyzed
by the Coulter counter to determine the final concentration, and the removal efficiency can be

calculated from Eq. 3:

Co—C

R.E.(%) = 2
0

X 100 (Eq. 3)

where C, and C represent the inlet and outlet PE concentrations.

Vacuum filtration Rinsing process Vacuum filtration to
remove excess NaCl

Gravity filtration process

-,

Beckman coulter counter

Figure 5-1: Experimental procedures of PE gravity filtration test
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5.2.2. Capture of Microplastic Analysis Test

The objective of the experiment was to investigate the amounts of microplastics that
could be captured by the softwood pulp foam. In this experiment, three PE:SDBS concentrations
(50, 200, and 500 mg/L in 30-mL volume) were poured onto the foam 10 times, and 10 effluent
concentrations were collected from the bottom. Simultaneously, the filtration times were
obtained for every cycle. The collected samples were analyzed by the Coulter Counter to identify
the unknown concentrations. The total mass of PE microplastics loaded into the softwood pulp

foam was determined using Eq. 4:

Mioad = C XV XR. E.avg (Eq 4)

where C corresponds to the PE concentrations, V the total volume poured onto the foam, and

R.E.avg represents the average removal efficiency over multiple passes.

5.2.3. Methyl Orange Dye Filtration Test

Aside from the microplastic solutions, further investigation was conducted by examining
the removal efficiency of methyl orange dye by the pulp foam. Prior to the filtration experiment,
the foam was rinsed five times with Milli-Q water. Next, two methyl orange concentrations (10
and 500 ppm in 30-mL volumes) were poured onto the foam, and the filtered liquids were
collected. The samples were analyzed by the Cary 100 UV-Vis Spectrophotometer to determine

the concentrations.
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5.3. Results and Discussions

5.3.1. Removal Efficiencies of PE Dispersed in Three Stabilizing Agents

The filtration performances of the WFQ342MCC-0.8 foam were observed by analyzing
the removal efficiencies of PE stabilized by three surfactants: SDBS, CTAB, and Tween80 with
the three suspensions possessing negative, positive, and neutral charges, respectively. As
explained in section 5.2.1, three different concentrations (20, 100, and 500 mg/L) of PE
microplastics in a 30-mL volume were passed through the foam and the effluents were collected.
Particle counter was to determine the number of particles in the effluents, and the final
concentration was determined using the calibration curve (Figure 3-3b) and Equation 3. During
the filtration process, the time of filtration was recorded for each sample. As evident from Table
4, the time increased when high PE concentrations were passed through the foam. When 20 mg/L
of PE was poured into the foam, the filtration time ranged from 54 to 56 s, and it increased to
between 83 and 103 s at high concentrations. The higher amounts of microplastics were trapped

by the foam and reduced the flow through the porous foam.

Table 4: Time of filtrations for three PE dispersions

PE:SDBS PE:CTAB PE:Tween80
Initial 20 100 500 20 100 500 20 100 500
concentrations
(mg/L)
Filtration time 54.18 59.46 83.58 56.73 67.63 73.49 5458 64.19 102.91
(s)
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As the time of filtration was recorded, the removal efficiencies of the PE were analyzed
for the three microplastic concentrations. Figure 5-2a shows the visual images of the PE
suspensions before and after the filtration. It was revealed the WFQ342MCC-0.8 foam displayed
better filtration when the PE was stabilized by SDBS surfactant, since the collected sample was
clear and transparent. However, the filtration was poor when the PE stabilized by Tween80
surfactant was studied, and a cloudy suspension was observed in the effluent stream. The filtrate
samples were analyzed by the particle counter to determine the final concentrations, and the
removal efficiencies were calculated. Figure 5-2b shows the removal efficiencies of PE stabilized
by the three different surfactants. As shown, the WFQ342MCC-0.8 foam possessed the best
removal efficiencies for all three PE:SDBS concentrations ranging between 98.5 and 99.5 %.
This is due to the large electrostatic interactions between positively charged QUAB342-MCC
and negatively charged PE particles. The foam also displayed promising results when filtering
the PE:CTAB suspension. Although the particles possessed positive surface charges, it was
possible that the positive-charged head of the CTAB surface electrostatically interacted with the
negative-charged PE particles imparting hydrophobic properties to the PE microplastics, as
shown in Figure 3-1. Hence, the microplastic particles interacted with the foam via hydrophobic
interactions. High removal efficiency of 91 % was achieved when 20 mg/L of PE:CTAB was
poured into the foam. However, the efficiency decreased to 53.8 % when filtering 500 mg/L
through the foam. Lastly, the filtration performance for the PE:Tween80 displayed low removal
efficiency; 67.4 % for 20 mg/L and 32.7 % for 500 mg/L. Due to the Tween80 surfactant being
non-ionic, negligible electrostatic and hydrophobic interactions were present between the foam
and PE:Tween80. As a result, the WFQ342MCC-0.8 foam had better performance removing the

PE stabilized by SDBS and CTAB.
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Figure 5-2: a) Schematic illustration of inlet and outlet PE concentrations, and b) removal
efficiencies of three PE dispersions

5.3.2. Analysis of Microplastic Capture

50, 200, and 500 mg/L of PE:SDBS concentrations were passed through the
WFQ342MCC-0.8 foam 10 times, and the collected samples were quantified using the Coulter
counter. The final concentrations were calculated using Equation 3. The graph of removal
efficiency as function of the total mass of PE particles loaded inside the foam was plotted (Figure
5-3a). It was determined the WFQ342MCC-0.8 foam displayed high removal efficiencies
ranging from 95 to 99 % when 50 mg/L PE:SDBS was passed through the foam 10 times.
However, the removal efficiency decreased from 85.8 % to 67.7 % when 500 mg/L PE was
passed through the foam multiple times. When the flow rate was examined for the
WFQ342MCC-0.8 foam, a rapid decrease occurred when high PE concentrations were passed
through the foam, suggesting that the microplastics were trapped inside the foam (Figure 5-3b).
However, since the foam had limited capacity to hold large amounts of microplastics, the
particles trapped inside the material could be dislodged due to the pressure from the inlet

concentration producing a low removal efficiency during the process.
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Figure 5-3: a) Removal efficiencies, and b) flow rates of softwood pulp foam at various PE

5.3.3. Methyl Orange Dye Filtration Test

loadings

120

UV-Vis spectroscopy was used in this experiment to determine the final concentrations of

methyl orange dye. A stock solution of 2500 ppm was prepared in Milli-Q water, and was diluted

to six concentrations (2 to 12 ppm). The concentrations were quantified by the Cary 100 UV-Vis

Spectrophotometer and a clear absorbance peak at 464 nm was observed (Figure 5-4a). The

calibration curve was plotted, and the equation of the linear fitting was used to calculate the

methyl orange concentration (Figure 5-4b).
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Figure 5-4: a) UV spectra, and b) Calibration curves of methyl orange dye concentrations

After the filtration experiment, the collected samples were analyzed by the
spectrophotometer to obtain the UV absorbances. Using the calibration curve, the concentrations
were identified, and the removal efficiencies were calculated using Equation 3. Figure 5-5a
shows the visual representations of methyl orange dye before and after the filtration experiments,
where the transition from bright orange to colorless was observed. When analyzing the removal
efficiency, it was revealed the WFQ342MCC-0.8 foam displayed high efficiencies ranging
between 95 and 100 % when 10 and 20 ppm were passed through the foam (Figure 5-5b). When
500 ppm of methyl orange were treated by the pulp foam, 85 % of the dye was removed (Figure
5-5b). Since methyl orange dye possessed negative charges, they were bound strongly to the
cationic MCC via electrostatic interactions, which also confirmed that the grafting of QUAB 342

surfactant onto the surface of MCC was successful.
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Figure 5-5: a) Influent and effluent samples of methyl orange dye, and b) removal efficiencies

5.3.4. PE Filtration Performance between WFQ342MCC-0.8 and WFQ342NCC-0.8 Foams

As the WFQ342MCC-0.8 foam could remove PE stabilized by SDBS, the removal
efficiency of WFQ342NCC-0.8 foam was analyzed and compared. The objective of this
experiment is to determine whether the modified nanocellulose could capture higher amounts of
PE due to its high surface area. In this experiment, 20 mg/L and 500 mg/L of PE:SDBS
concentrations were introduced to the two pulp foams, and the filtrate samples were analyzed by
the particle counter to determine the concentrations. Table 5 shows the filtration results of both
WFQ342MCC-0.8 and WFQ342NCC-0.8 foams. When analyzing the removal efficiencies of the
PE:SDBS, it was concluded the foam containing QUAB342-NCC displayed higher removal
efficiency compared to the foam containing QUAB342MCC. Since the particle size of the NCC
was smaller compared to MCC, it possessed a higher surface area of the softwood pulp foam
leading to higher capture of microplastics. The removal efficiency of QUAB342-NCC was not

significantly higher since the QUAB342-NCC was aggregated as revealed by the particle size.
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Table 5: Comparison of PE filtration performances between two foam configurations

WFQ342MCC-0.8 WFQ342NCC-0.8
Initial concentrations (mg/L) 20 500 20 500
Removal efficiency (%) 97.8 89.4 99.8 93.5
Filtration time (s) 72.88 76.40 92.26 146.91

5.4. Conclusions

This chapter presents the analysis of microplastic filtration experiments using
WFQ342MCC-0.8 and WFQ342NCC-0.8 foams. The removal efficiency of WFQ342MCC-0.8
foam was analyzed for the filtration studies using PE:SDBS, PE:CTAB, and PE:Tween80, where
the foam displayed higher removal efficiencies of 98.5 and 91 % with PE:SDBS and PE:CTAB.
The mechanism is mainly due to the electrostatic and hydrophobic interactions between the
microplastics and QUAB342-MCC. Despite the promising result, WFQ342MCC-0.8 foam
displayed lower removal efficiency of 67.4 % for PE:Tween80. In another experiment, the
WFQ342MCC-0.8 foam displayed higher stability in the removal efficiency when 50 mg/L of
PE:SDBS were introduced to the pulp foam 10 times. However, its stability decreased at high
concentrations due to the limited capacity inside the foam. Aside from microplastic filtration
experiment, methyl orange dye adsorption test showed excellent results as the color transition
from orange to clear was observed. The incorporation of NCC into the foam system increased the
surface area, which improved the capture of microplastics. The result demonstrated an increase

in the removal efficiency to 99.8 % compared to the 97.8 % for the WFQ342NCC-0.8 foam.
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Chapter 6: Conclusions and Recommendations for Future Works

In summary, the objectives of this research are to investigate the behavior of
microplastics in an aquatic environment and to develop a renewable bio-based material to
enhance high microplastic capture for applications in water treatment. While numerous
publications have addressed the removal of PS microplastics, limited studies have been
conducted on PE microplastics since these particles have low density and carry hydrophobic
properties making them float on top the water surface. Hence, their behavior in water poses
challenges during the water treatment process.

PE microplastics was dispersed using three stabilizing agents, SDBS, CTAB, and
Tween80, to enhance their dispersibility in an aqueous solution. A mass ratio of 1:0.02 PE:SDBS
revealed a stable dispersion in an aqueous solution due to the constant particle sizes of ~ 8 um.
The optimal mass ratio was similarly applied to both PE:CTAB and PE:Tween80. In addition, the
PE:SDBS, PE:CTAB, and PE:Tween80 dispersions displayed different characteristics, as their
zeta potentials were -46.13, +12.33, and -3.36 mV, respectively. Quantification method was
another crucial step to determine the concentration of PE microplastics. The Coulter counter was
found to be effective, as it provided accurate measurements at a fast detection rate.

Following the transformation of PE microplastics to be hydrophilic in water, softwood
pulp foam containing cellulose-based materials were developed as a sustainable filter for the
removal of microplastics. QUAB 342 surfactant was grafted onto both surfaces of MCC and
NCC to impart cationic and hydrophobic properties to the cellulosic materials. The grafting
process displayed remarkable results, as the modified cellulosic materials produced positive
surface charges (+30 to +40 mV). The modifications of MCC and NCC were then incorporated
into the two foam configurations (WFQ342MCC-0.8 and WFQ342NCC-0.8) to remove
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microplastics from water. Two crosslinking agents, GPTMS and PEI, were added to the softwood
pulp foams to enhance the high mechanical strengths and pore structures. The porosity of the two
foams were investigated, and WFQ342MCC-0.8 foam displayed a removal efficiency of 83.4 %,
compared to 78.8 % for the WFQ342NCC-0.8 foam. This represents the foam containing MCC
obtained a better water absorption capacity than the foam prepared with the NCC.

With the development of WFQ342MCC-0.8 and WFQ342NCC-0.8 foams, the final step
was to examine the foams’ filtration performances and their removal of microplastics from water.
The removal efficiency of WFQ342MCC-0.8 foam was analyzed in the filtration test using
PE:SDBS, PE:CTAB, and PE:Tween80. The results showed that the foam achieved high removal
efficiencies of 98.5 and 91 % for PE:SDBS and PE:CTAB due to the strong electrostatic and
hydrophobic interactions between the microplastics and the foam. However, very low
interactions occurred between the PE:Tween80 and the foam resulting in a low efficiency of
67.4 %. Furthermore, the stability of WFQ342MCC-0.8 foam was analyzed on whether the filter
could maintain the removal efficiency through introduction of multiple batches of PE
microplastics. Despite the foam being able to maintain its efficiency for 50 mg/L PE, a decrease
in the removal efficiency occurred for 500 mg/L PE suggesting that the capacity of capturing
microplastics was limited. Lastly, WFQ342NCC-0.8 foam optimized the removal efficiency to
99.8 %, as the incorporation of NCC improved the foam surface area resulting in a higher
microplastic capture.

In future studies, it is recommended to optimize the softwood pulp foam to increase its
removal efficiency during the filtration process. In this scenario, a double-layered softwood pulp
foam containing anionic and cationic properties can be produced to remove both cationic and

anionic contaminants. For the purpose of treating laundry effluent, it is suggested to study the
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behaviors of softwood pulp foam under different water temperatures. This information is crucial
since consumers alter the water temperature during the laundry process. Lastly, further studies on

water pressure can be investigated to see whether the foam can withstand under high settings.

71



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

T. S. M. Amelia, W. M. A. W. M. Khalik, M. C. Ong, Y. T. Shao, H. J. Pan, and K.
Bhubalan, “Marine microplastics as vectors of major ocean pollutants and its hazards to the
marine ecosystem and humans,” Prog. Earth Planet. Sci., vol. 8, no. 1, 2021, doi:
10.1186/s40645-020-00405-4.

Y. Li, L. Tao, Q. Wang, F. Wang, G. Li, and M. Song, “Potential Health Impact of
Microplastics: A Review of Environmental Distribution, Human Exposure, and Toxic
Effects,” Environ. Health, wvol. 1, no. 4, pp. 249-257, 2023, doi:
10.1021/envhealth.3c00052.

K. Zhang et al., “Understanding plastic degradation and microplastic formation in the
environment: A review,” Environ. Pollut., vol. 274, 2021, doi:
10.1016/j.envpol.2021.116554.

A. Hollerova, N. Hodkovicova, J. Blahovéa, M. Faldyna, P. Mar$élek, and Z. Svobodova,
“Microplastics as a potential risk for aquatic environment organisms — a review,” Acta Vet.
Brno, vol. 90, no. 1, pp. 99-107, Apr. 2021, doi: 10.2754/avb202190010099.

I. E. Napper and R. C. Thompson, “Release of synthetic microplastic plastic fibers from
domestic washing machines: Effects of fabric type and washing conditions,” Mar. Pollut.
Bull., vol. 112, no. 1, pp. 39-45, Nov. 2016, doi: 10.1016/j.marpolbul.2016.09.025.

L. Yang et al., “Microfiber release from different fabrics during washing,” Environ. Pollut.,
vol. 249, pp. 136-143, 2019, doi: 10.1016/j.envpol.2019.03.011.

F. Casanova et al., “Novel micro-and nanocellulose-based delivery systems for liposoluble
compounds,” Nanomaterials, vol. 11, no. 10, pp. 1-41, 2021, doi: 10.3390/nan011102593.

Y. Habibi, L. A. Lucia, and O. J. Rojas, “Cellulose Nanocrystals: Chemistry, Self-
Assembly, and Applications,” Chem. Rev., vol. 110, no. 6, pp. 3479-3500, Jun. 2010, doi:
10.1021/cr900339w.

A. Tursi et al., “Microplastics in aquatic systems, a comprehensive review: origination,
accumulation, impact, and removal technologies,” RSC Adv., vol. 12, no. 44, pp. 28318—
28340, 2022, doi: 10.1039/d2ra04713f.

V. Razaviarani, A. Saudagar, S. Gallage, S. Shrinath, and G. Arab, “Comprehensive
investigation on microplastics from source to sink,” Clean Technol. Environ. Policy, no.
0123456789, 2024, doi: 10.1007/s10098-024-02738-w.

V. Kaing, Z. Guo, T. Sok, D. Kodikara, F. Breider, and C. Yoshimura, ‘“Photodegradation of
biodegradable plastics in aquatic environments: Current understanding and challenges,”
Sci. Total Environ.,  vol. 911, no. November 2023, 2024, doi:
10.1016/j.scitotenv.2023.168539.

72



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

J. 1zdebska-Podsiadty, “Aging and Degradation of Printed Materials,” 2015, pp. 353-370.
doi: 10.1016/B978-0-323-37468-2.00022-1.

B. Gewert, M. M. Plassmann, and M. Macleod, “Pathways for degradation of plastic
polymers floating in the marine environment,” Environ. Sci. Process. Impacts, vol. 17,
no. 9, pp. 1513-1521, 2015, doi: 10.1039/c5em00207a.

A. Delre et al., “Plastic photodegradation under simulated marine conditions,” Mar.
Pollut. Bull., vol. 187, no. January 2023, doi: 10.1016/j.marpolbul.2022.114544.

G. Gatko and M. Sajdak, “Trends for the Thermal Degradation of Polymeric Materials:
Analysis of Available Techniques, Issues, and Opportunities,” Appl. Sci. Switz., vol. 12,
no. 18, 2022, doi: 10.3390/app12189138.

H. Luo et al., “Environmental behaviors of microplastics in aquatic systems: A systematic
review on degradation, adsorption, toxicity and biofilm under aging conditions,” J.
Hazard. Mater., vol. 423, no. PA, p. 126915, 2022, doi: 10.1016/j.jhazmat.2021.126915.

J. Yuan, J. Ma, Y. Sun, T. Zhou, Y. Zhao, and F. Yu, “Microbial degradation and other
environmental aspects of microplastics/plastics,” Sci. Total Environ., vol. 715, pp. 1-9,
2020, doi: 10.1016/j.scitotenv.2020.136968.

V. Hidalgo-Ruz, L. Gutow, R. C. Thompson, and M. Thiel, “Microplastics in the marine

environment: A review of the methods used for identification and quantification,”
Environ. Sci. Technol., vol. 46, no. 6, pp. 3060-3075, 2012, doi: 10.1021/es2031505.

A.-E. Geambulat, T. Dobre, and C.-I. Koncsag, “Experimental investigations on
polyethylene and polyethylene terephthalate microplastics’ degradation. A review,”
Ovidius Univ. Ann. Chem., vol. 33, no. 2, pp. 156-165, 2022, doi: 10.2478/auoc-2022-
0023.

J. P. Da Costa, A. R. Nunes, P. S. M. Santos, A. V. Girdo, A. C. Duarte, and T. Rocha-
Santos, “Degradation of polyethylene microplastics in seawater: Insights into the
environmental degradation of polymers,” J. Environ. Sci. Health - Part ToxicHazardous
Subst.  Environ. Eng.,, wvol. 53, no. 9, pp. 866-875 2018, doi:
10.1080/10934529.2018.1455381.

P. A. Athulya, Z. Sunil, S. Manzo, and N. Chandrasekaran, ‘“Prepared microplastics
interaction with Artemia salina under low pH conditions representing ocean acidification;
a simulated environmental exposure,” J. Environ. Manage., vol. 348, no. October, p.
119367, 2023, doi: 10.1016/j.jenvman.2023.119367.

X. Xiong et al., “Ingestion and egestion of polyethylene microplastics by goldfish
(Carassius auratus): influence of color and morphological features,” Heliyon, vol. 5, no.
12, p. e03063, 2019, doi: 10.1016/j.heliyon.2019.e03063.

73



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

W. Gao et al., “Removal of microplastics in water: Technology progress and green
strategies,” Green Anal. Chem., vol. 3, no. September, p. 100042, 2022, doi:
10.1016/j.greeac.2022.100042.

B. Pandey et al., “Microplastics in the Ecosystem: An Overview on Detection, Removal,
Toxicity Assessment, and Control Release,” Water Switz., vol. 15, no. 1, 2023, doi:
10.3390/w15010051.

M. S. Nasir et al., “Innovative technologies for removal of micro plastic: A review of
recent advances,” Heliyon, wvol. 10, no. 4, p. e25883, 2024, doi:
10.1016/j.heliyon.2024.e25883.

W. Liu et al., “A review of the removal of microplastics in global wastewater treatment
plants: Characteristics and mechanisms,” Environ. Int., vol. 146, p. 106277, 2021, doi:
10.1016/j.envint.2020.106277.

B. Ma, W. Xue, C. Hu, H. Liu, J. Qu, and L. Li, “Characteristics of microplastic removal
via coagulation and ultrafiltration during drinking water treatment,” Chem. Eng. J., vol.
359, no. September 2018, pp. 159-167, 2019, doi: 10.1016/j.cej.2018.11.155.

A. Esfandiari and D. Mowla, “Investigation of microplastic removal from greywater by
coagulation and dissolved air flotation,” Process Saf. Environ. Prot., vol. 151, pp. 341—
354, 2021, doi: 10.1016/j.psep.2021.05.027.

S. Monira, M. A. Bhuiyan, N. Haque, and B. K. Pramanik, “Assess the performance of
chemical coagulation process for microplastics removal from stormwater,” Process Saf.
Environ. Prot., vol. 155, pp. 11-16, 2021, doi: 10.1016/j.psep.2021.09.002.

N. Girish, N. Parashar, and S. Hait, “Coagulative removal of microplastics from aqueous
matrices: Recent progresses and future perspectives,” Sci. Total Environ., vol. 899, no.
May, p. 165723, 2023, doi: 10.1016/j.scitotenv.2023.165723.

S. Acarer, “A review of microplastic removal from water and wastewater by membrane
technologies,” Water Sci. Technol., vol. 88, no. 1, pp. 199-219, 2023, doi:
10.2166/wst.2023.186.

K. Chen, W. Zhao, C. Xiao, H. Zhu, and Q. Wang, “Membrane Fouling Mechanism of
HTR-PVDF and HMR-PVDF Hollow Fiber Membranes in MBR System,” Water Switz.,
vol. 14, no. 16, pp. 1-12, 2022, doi: 10.3390/w14162576.

M. Lares, M. C. Ncibi, M. Sillanpdi, and M. Sillanpad, “Occurrence, identification and
removal of microplastic particles and fibers in conventional activated sludge process and
advanced MBR technology,” Water Res., vol. 133, pp. 236-246, 2018, doi:
10.1016/j.watres.2018.01.049.

O. T. lorhemen, R. A. Hamza, and J. H. Tay, “Membrane bioreactor (Mbr) technology for
wastewater treatment and reclamation: Membrane fouling,” Membranes, vol. 6, no. 2, pp.
13-16, 2016, doi: 10.3390/membranes6020033.

74



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

F. Beygmohammdi, H. Nourizadeh Kazerouni, Y. Jafarzadeh, H. Hazrati, and R. Yegani,
“Preparation and characterization of PVDF/PVP-GO membranes to be used in MBR
system,” Chem. Eng. Res. Des., vol. 154, pp. 232-240, 2020, doi:
10.1016/j.cherd.2019.12.016.

M. H. D. A. Farahani and V. Vatanpour, “A comprehensive study on the performance and
antifouling enhancement of the PVDF mixed matrix membranes by embedding different
nanoparticulates: Clay, functionalized carbon nanotube, SiO2 and TiO2,” Sep. Purif.
Technol., vol. 197, no. January, pp. 372381, 2018, doi: 10.1016/j.seppur.2018.01.031.

W. Hamd, E. A. Daher, T. S. Tofa, and J. Dutta, “Recent Advances in Photocatalytic
Removal of Microplastics: Mechanisms, Kinetic Degradation, and Reactor Design,”
Front. Mar. Sci., vol. 9, no. July, pp. 1-28, 2022, doi: 10.3389/fmars.2022.885614.

I. A. Ricardo et al., “A critical review on microplastics, interaction with organic and
inorganic pollutants, impacts and effectiveness of advanced oxidation processes applied
for their removal from aqueous matrices,” Chem. Eng. J., vol. 424, p. 130282, Nov. 2021,
doi: 10.1016/j.cej.2021.130282.

N. A. Sacco, F. M. Zoppas, A. Devard, M. del P. Gonzélez Mufioz, G. Garcia, and F. A.
Marchesini, “Recent Advances in Microplastics Removal from Water with Special
Attention Given to Photocatalytic Degradation: Review of Scientific Research,”
Microplastics, vol. 2, no. 3, pp. 278-303, 2023, doi: 10.3390/microplastics2030023.

P. Phonsy, A. G, K. Jyothi, S. Yesodharan, and E. Yesodharan, “Semiconductor Mediated
Photocatalytic Degradation of Plastics and Recalcitrant Organic Pollutants in Water:
Effect of Additives and Fate of Insitu Formed H202,” J. Adv. Oxid. Technol., vol. 18, Jan.
2015, doi: 10.1515/jaots-2015-0111.

P. Ebrahimbabaie, K. Yousefi, and J. Pichtel, “Photocatalytic and biological technologies
for elimination of microplastics in water: Current status,” Sci. Total Environ., vol. 806,
2022, doi: 10.1016/j.scitotenv.2021.150603.

M. Khatun, P. Mitra, and S. Mukherjee, “Effect of band gap and particle size on
photocatalytic degradation of NiSnO3 nanopowder for some conventional organic dyes,”
Hybrid Adv., vol. 4, p. 100079, Dec. 2023, doi: 10.1016/j.hybadv.2023.100079.

S.-M. Lam et al., “Green synthesis of Fe-ZnO nanoparticles with improved sunlight
photocatalytic performance for polyethylene film deterioration and bacterial
inactivation,” Mater. Sci. Semicond. Process., vol. 123, p. 105574, Mar. 2021, doi:
10.1016/j.mssp.2020.105574.

O. Ibukun and H. K. Jeong, “Tailoring titanium dioxide by silver particles for
photocatalysis,” Curr. Appl. Phys., vol. 20, no. 1, pp. 23-28, Jan. 2020, doi:
10.1016/j.cap.2019.10.009.

75



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

F. R. Amin, Y. Huang, Y. He, R. Zhang, G. Liu, and C. Chen, “Biochar applications and
modern techniques for characterization,” Clean Technol. Environ. Policy, vol. 18, no. 5,
pp. 1457-1473, 2016, doi: 10.1007/s10098-016-1218-8.

Z.\Wang, M. Sedighi, and A. Lea-Langton, “Filtration of microplastic spheres by biochar:
removal efficiency and immobilization mechanisms,” Water Res., vol. 184, 2020, doi:
10.1016/j.watres.2020.116165.

Q. Zhao, T. Xu, X. Song, S. Nie, S. E. Choi, and C. Si, “Preparation and Application in
Water Treatment of Magnetic Biochar,” Front. Bioeng. Biotechnol., vol. 9, no. October,
pp. 1-10, 2021, doi: 10.3389/fbioe.2021.769667.

Y. Yi et al., “Magnetic biochar for environmental remediation: A review,” Bioresour.
Technol., vol. 298, no. September 2019, 2020, doi: 10.1016/j.biortech.2019.122468.

L. Liang, F. Xi, W. Tan, X. Meng, B. Hu, and X. Wang, “Review of organic and inorganic
pollutants removal by biochar and biochar-based composites,” Biochar, vol. 3, no. 3, pp.
255-281, 2021, doi: 10.1007/s42773-021-00101-6.

J. Wang, C. Sun, Q. X. Huang, Y. Chi, and J. H. Yan, “Adsorption and thermal
degradation of microplastics from aqueous solutions by Mg/Zn modified magnetic
biochars,” J. Hazard. Mater., vol. 419, no. June, p. 126486, 2021, doi:
10.1016/j.jhazmat.2021.126486.

H. T. Nguyen, T. B. T. Nguyen, and H. M. Bui, “Synergistic adsorption performance from
binary and ternary composites comprising ZnO, PVA, and crab shell chitosan for azo and
non-azo dyes,” Sep. Sci. Technol., wvol. 0, no. 0, pp. 1-20, 2024, doi:
10.1080/01496395.2024.2368235.

P. Bhatt, S. Joshi, G. M. Urper Bayram, P. Khati, and H. Simsek, “Developments and
application of chitosan-based adsorbents for wastewater treatments,” Environ. Res., vol.
226, no. February, p. 115530, 2023, doi: 10.1016/j.envres.2023.115530.

B. Zheng, B. Li, H. Wan, X. Lin, and Y. Cai, “Coral-inspired environmental durability

aerogels for micron-size plastic particles removal in the aquatic environment,” J. Hazard.
Mater., vol. 431, no. February, 2022, doi: 10.1016/j.jhazmat.2022.128611.

J. Xu et al, “Hardwood vessel-inspired chitosan-based sponge with superior
compressibility, superfast adsorption and remarkable recyclability for microplastics
removal in water,” Chem. Eng. J., vol. 475, p. 146130, Nov. 2023, doi:
10.1016/j.cej.2023.146130.

S. Agarwal, “Major factors affecting the characteristics of starch based biopolymer
films,” Eur. Polym. J, wvol. 160, p. 110788, Nov. 2021, doi:
10.1016/j.eurpolymj.2021.110788.

76



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

J. Fu et al., “An ultra-light sustainable sponge for elimination of microplastics and
nanoplastics,” J. Hazard. Mater.,, vol. 456, p. 131685, Aug. 2023, doi:
10.1016/j.jhazmat.2023.131685.

G. O. Kayan and A. Kayan, “Polycaprolactone Composites/Blends and Their
Applications Especially in Water Treatment,” ChemEngineering, vol. 7, no. 6, Art. no. 6,
Dec. 2023, doi: 10.3390/chemengineering7060104.

G. Han, S. Oh, S. J. Yeo, J. Lee, and H. Lim, “Eco-friendly polycaprolactone-bound
diatomite filter for the removal of metal ions and micro/nanoplastics from water,” Sci.
Total Environ., vol. 905, p. 166956, Dec. 2023, doi: 10.1016/j.scitotenv.2023.166956.

X. Liu et al., “Cellulose nanofiber-coated delignified wood as an efficient filter for
microplastic removal,” Prog. Nat. Sci. Mater. Int., vol. 34, no. 1, pp. 162-171, 2024, doi:
10.1016/j.pnsc.2024.02.010.

V. C. Shruti, F. Pérez-Guevara, P. D. Roy, and G. Kutralam-Muniasamy, “Analyzing

microplastics with Nile Red: Emerging trends, challenges, and prospects,” J. Hazard.
Mater., vol. 423, no. September 2021, 2022, doi: 10.1016/j.jhazmat.2021.127171.

H. Kang, S. Park, B. Lee, J. Ahn, and S. Kim, “Modification of a nile red staining method
for microplastics analysis: A nile red plate method,” Water Switz., vol. 12, no. 11, pp. 1-
12, 2020, doi: 10.3390/w12113251.

W. J. Shim, Y. K. Song, S. H. Hong, and M. Jang, “Identification and quantification of
microplastics using Nile Red staining,” Mar. Pollut. Bull., vol. 113, no. 1-2, pp. 469-476,
2016, doi: 10.1016/j.marpolbul.2016.10.049.

V. H. Da Silva, F. Murphy, J. M. Amigo, C. Stedmon, and J. Strand, “Classification and
Quantification of Microplastics (<100 um) Using a Focal Plane Array-Fourier Transform
Infrared Imaging System and Machine Learning,” Anal. Chem., vol. 92, no. 20, pp.
13724-13733, 2020, doi: 10.1021/acs.analchem.0c01324.

C. Campanale, 1. Savino, C. Massarelli, and V. F. Uricchio, “Fourier Transform Infrared
Spectroscopy to Assess the Degree of Alteration of Artificially Aged and Environmentally
Weathered Microplastics,” Polymers, vol. 15, no. 4, 2023, doi: 10.3390/polym15040911.

H. Dong et al., “Overview of analytical methods for the determination of microplastics:
Current status and trends,” TrAC - Trends Anal. Chem., vol. 167, no. August, p. 117261,
2023, doi: 10.1016/j.trac.2023.117261.

S. Veerasingam et al., “Contributions of Fourier transform infrared spectroscopy in
microplastic pollution research: A review,” Crit. Rev. Environ. Sci. Technol., vol. 51, no.
22, pp. 2681-2743, 2021, doi: 10.1080/10643389.2020.1807450.

77



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

J. Lee, J. Wang, Y. Oh, and S. Jeong, “Highly efficient microplastics removal from water
using in-situ ferrate coagulation: Performance evaluation by micro-Fourier-transformed
infrared spectroscopy and coagulation mechanism,” Chem. Eng. J., vol. 451, no. P2, p.
138556, 2023, doi: 10.1016/j.cej.2022.138556.

F-F. Liu, S.-C. Wang, Z.-L. Zhu, and G.-Z. Liu, “Current Progress on Marine
Microplastics Pollution Research: A Review on Pollution Occurrence, Detection, and
Environmental Effects,” Water Switz., vol. 13, p. 1713, 2021, doi: 10.3390/w13121713.

J. Lee and K. J. Chae, “A systematic protocol of microplastics analysis from their
identification to quantification in water environment: A comprehensive review,” J.
Hazard. Mater., vol. 403, no. September 2020, p. 124049, 2021, doi:
10.1016/j.jhazmat.2020.124049.

C. F. Araujo, M. M. Nolasco, A. M. P. Ribeiro, and P. J. A. Ribeiro-Claro, “Identification
of microplastics using Raman spectroscopy: Latest developments and future prospects,”
Water Res., vol. 142, pp. 426-440, 2018, doi: 10.1016/j.watres.2018.05.060.

L. Cabernard, L. Roscher, C. Lorenz, G. Gerdts, and S. Primpke, “Comparison of Raman
and Fourier Transform Infrared Spectroscopy for the Quantification of Microplastics in
the Aquatic Environment,” Environ. Sci. Technol., vol. 52, no. 22, pp. 13279-13288,
2018, doi: 10.1021/acs.est.8003438.

Z. Shi, C. W. K. Chow, R. Fabris, J. Liu, and B. Jin, “Applications of Online UV-Vis
Spectrophotometer for Drinking Water Quality Monitoring and Process Control: A
Review,” Sensors, vol. 22, no. 8, pp. 1-21, 2022, doi: 10.3390/s22082987.

T. Munawar et al., “Novel photocatalyst and antibacterial agent; direct dual Z-scheme
Zn0O-Ce02-Yb203 heterostructured nanocomposite,” Solid State Sci., vol. 109, no.
October, 2020, doi: 10.1016/j.solidstatesciences.2020.106446.

A. Batool and S. Valiyaveettil, “Surface functionalized cellulose fibers — A renewable

adsorbent for removal of plastic nanoparticles from water,” J. Hazard. Mater., vol. 413,
no. January, p. 125301, 2021, doi: 10.1016/j.jhazmat.2021.125301.

C. Fan, Y.-Z. Huang, J.-N. Lin, and J. Li, “Microplastic quantification of nylon and

polyethylene terephthalate by chromic acid wet oxidation and ultraviolet spectrometry,”
Environ. Technol. Innov., vol. 28, p. 102683, 2022, doi: 10.1016/j.eti.2022.102683.

M. Rajinipriya, M. Nagalakshmaiah, M. Robert, and S. Elkoun, “Importance of
Agricultural and Industrial Waste in the Field of Nanocellulose and Recent Industrial
Developments of Wood Based Nanocellulose: A Review,” ACS Sustain. Chem. Eng., vol.
6, no. 3, pp. 2807-2828, Mar. 2018, doi: 10.1021/acssuschemeng.7b03437.

Y. H. P. Zhang and L. R. Lynd, “Determination of the number-average degree of

polymerization of cellodextrins and cellulose with application to enzymatic hydrolysis,”
Biomacromolecules, vol. 6, no. 3, pp. 1510-1515, 2005, doi: 10.1021/bm049235;.

78



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

R. J. Moon, A. Martini, J. Nairn, J. Simonsen, and J. Youngblood, “Cellulose
nanomaterials review: Structure, properties and nanocomposites,” Chem. Soc. Rev., vol.
40, no. 7, pp. 3941-3994, 2011, doi: 10.1039/c0cs00108b.

S. Owonubi, S. Agwuncha, N. Malima, G. Shombe, M. Makhatha, and N. Revaprasadu,
“Non-woody Biomass as Sources of Nanocellulose Particles: A Review of Extraction
Procedures,” Front. Energy Res.,, wvol. 9, p. 608825 Apr. 2021, doi:
10.3389/fenrg.2021.608825.

W. R. Kunusa, R. Abdullah, K. Bilondatu, and W. Z. Tulie, “Analysis of Cellulose
Isolated from Sugar Bagasse: Optimization and Treatment Process Scheme,” J. Phys.
Conf. Ser, wvol. 1422, no. 1, p. 012040, Jan. 2020, doi: 10.1088/1742-
6596/1422/1/012040.

S. Ventura-Cruz and A. Tecante, “Extraction and characterization of cellulose nanofibers
from Rose stems (Rosa spp.),” Carbohydr. Polym., vol. 220, pp. 53-59, Sep. 2019, doi:
10.1016/j.carbpol.2019.05.053.

D. Haldar and M. K. Purkait, “Micro and nanocrystalline cellulose derivatives of
lignocellulosic biomass: A review on synthesis, applications and advancements,”
Carbohydr.  Polym., vol. 250, no. June, p. 116937, 2020, doi:
10.1016/j.carbpol.2020.116937.

D. Pawcenis, M. Le$niak, M. Szumera, M. Sitarz, and J. Profic-Paczkowska, “Effect of
hydrolysis time, pH and surfactant type on stability of hydrochloric acid hydrolyzed
nanocellulose,” Int. J. Biol. Macromol., vol. 222, pp. 1996-2005, Dec. 2022, doi:
10.1016/j.ijbiomac.2022.09.289.

S. Al-Mardeai, E. Elnajjar, R. Hashaikeh, B. Kruczek, B. Van der Bruggen, and S. Al-
Zuhair, “Membrane Bioreactors: A Promising Approach to Enhanced Enzymatic
Hydrolysis of Cellulose,” Catalysts, vol. 12, no. 10, Art. no. 10, Oct. 2022, doi:
10.3390/catal12101121.

G. Surendran and A. P. Sherje, “Cellulose nanofibers and composites: An insight into
basics and biomedical applications,” J. Drug Deliv. Sci. Technol., vol. 75, p. 103601, Sep.
2022, doi: 10.1016/j.jddst.2022.103601.

A. A. B. Omran et al., “Micro- and Nanocellulose in Polymer Composite Materials: A
Review,” Polymers, vol. 13, no. 2, Art. no. 2, Jan. 2021, doi: 10.3390/polym13020231.

K. Zhang, A. Barhoum, C. Xiaoqing, H. Li, and P. Samyn, “Cellulose Nanofibers:
Fabrication and Surface Functionalization Techniques,” in Handbook of Nanofibers, A.
Barhoum, M. Bechelany, and A. S. H. Makhlouf, Eds., Cham: Springer International
Publishing, 2019, pp. 409-449. doi: 10.1007/978-3-319-53655-2_58.

A. Salama et al., “Nanocellulose-Based Materials for Water Treatment: Adsorption,

Photocatalytic = Degradation,  Disinfection,  Antifouling, and Nanofiltration,”
Nanomaterials, vol. 11, no. 11, p. 3008, Nov. 2021, doi: 10.3390/nan011113008.

79



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

L. Zhang et al., “Greener production of cellulose nanocrystals: An optimized design and
life cycle assessment,” J. Clean. Prod., vol. 345, p. 131073, Apr. 2022, doi:
10.1016/j.jclepro.2022.131073.

R. Roopchund, J. Andrew, and B. Sithole, “Using a systematic review to develop a
cellulose nanocrystals production framework for use as a design baseline and
optimization tool,” South Afr. J. Chem. Eng., vol. 44, pp. 344-355, Apr. 2023, doi:
10.1016/j.sajce.2023.03.006.

Y. Xia, J. J. Zhou, Y. Y. Gong, Z. J. Li, and E. Y. Zeng, “Strong influence of surfactants
on virgin hydrophobic microplastics adsorbing ionic organic pollutants,” Environ. Pollut.,
vol. 265, p. 115061, 2020, doi: 10.1016/j.envpol.2020.115061.

J. Bergfreund, P. Bertsch, and P. Fischer, “Effect of the hydrophobic phase on interfacial
phenomena of surfactants, proteins, and particles at fluid interfaces,” Curr. Opin. Colloid
Interface Sci., vol. 56, p. 101509, Dec. 2021, doi: 10.1016/j.cocis.2021.101509.

D. Bajpai and V. K. Tyagi, “Laundry Detergents: An Overview,” J. Oleo Sci., vol. 56, no.
7, pp. 327-340, 2007, doi: 10.5650/j0s.56.327.

H. Sun et al., “Effect of cationic, anionic and non-ionic surfactants on transport of

microplastics: Role of adhesion of surfactants on the polyethylene surface,” J. Hydrol.,
vol. 612, no. PA, p. 128051, 2022, doi: 10.1016/j.jhydrol.2022.128051.

Bayingiaoge, Y. Zhang, T. Cole, J. Zheng, J. Guo, and S.-Y. Tang, “Recent advances in
non-optical microfluidic platforms for bioparticle detection,” Biosens. Bioelectron., vol.
222, p. 114944, Feb. 2023, doi: 10.1016/j.bi0s.2022.114944,

M. Koch, A. G. R. Evans, and A. Brunnschweiler, “Design and fabrication of a
micromachined Coulter counter,” J. Micromechanics Microengineering, vol. 9, no. 2, p.
159, Jun. 1999, doi: 10.1088/0960-1317/9/2/313.

A. Vembadi, A. Menachery, and M. A. Qasaimeh, “Cell Cytometry: Review and
Perspective on Biotechnological Advances,” Front. Bioeng. Biotechnol., vol. 7, p. 147,
Jun. 2019, doi: 10.3389/fbioe.2019.00147.

M. Wu et al., “A pulp foam with highly improved physical strength, fire-resistance and
antibiosis by incorporation of chitosan and CPAM,” Carbohydr. Polym., vol. 278, p.
118963, Feb. 2022, doi: 10.1016/j.carbpol.2021.118963.

S. He et al., “Bio-inspired lightweight pulp foams with improved mechanical property
and flame retardancy via borate cross-linking,” Chem. Eng. J., vol. 371, pp. 34-42, Sep.
2019, doi: 10.1016/j.cej.2019.04.018.

S. Song et al., “Foam forming: an effective approach to fabricate highly bulky, uniform
and soft reconstituted tobacco sheets,” Cellulose, vol. 28, no. 4, pp. 2315-2325, Mar.
2021, doi: 10.1007/s10570-021-03677-1.

80



[101]

[102]

[103]

Y. Liu, S. Kong, H. Xiao, C. Y. Bai, P. Lu, and S. F. Wang, “Comparative study of ultra-
lightweight pulp foams obtained from various fibers and reinforced by MFC,” Carbohydr.
Polym., vol. 182, pp. 92-97, Feb. 2018, doi: 10.1016/j.carbpol.2017.10.078.

B. Xu et al., “3D printing of cellulose nanocrystal-based Pickering foams for removing
microplastics,” Sep. Purif. Technol.,, wvol. 339, no. January, 2024, doi:
10.1016/j.seppur.2024.126642.

C. Tang, P. Brodie, Y. Li, N. J. Grishkewich, M. Brunsting, and K. C. Tam, “Shape
recoverable and mechanically robust cellulose aerogel beads for efficient removal of
copper ions,” Chem. Eng. J., wvol. 392, p. 124821, Jul. 2020, doi:
10.1016/j.cej.2020.124821.

81



