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ABSTRACT 

The current period of human history is considered to be the plastics age due to its 

versatile characteristics, especially the lightweight, durability and low production cost. 

Plastics can be manufactured to suit multifarious functions, for example, for personal 

care products, food/drink storage and medical purposes. Thus, the use of plastics is 

unavoidable now, finally contributing to the severe pollution worldwide. In 2018 alone, 

the global plastics production amount has exceeded 359 million tons, around 10% of 

which ultimately become waste persisting in the environment. When plastic wastes 

exposed to the sun’s radiation, climate change and mechanic abrasion, degradation and 

fragmentation may occur. Once the size of the fragmentation products is less than 5 mm, 

they are commonly defined as microplastics (MPs) by the National Oceanographic and 

Atmospheric Administration. Currently, microplastics have been regarded as the most 

pervasive environmental pollution problems, not only because of their physical hazards 

but also due to their interactions with other pollutants in the environment. Pollution can 

be attributed by the release of additives from MPs, as well as the MPs with adsorbed 

toxic contaminants. Moreover, MPs additives together with adsorbed chemicals can be 

easily uptaken by animals, which may cause further propagated effects on the ambient 

ecosystem. Through the bioaccumulation and biomagnification effect, MPs can even be 

accumulated in the organisms from different trophic levels and cause serious impacts 

on aquatic ecology and human health. Despite growing number of evidences that have 

confirmed the presence and consequential effects of microplastics, researches on 

microplastic pollution are still lacking. Investigations on occurrence, determination and 
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environmental fate of MPs in aquatic systems are clearly needed. Therefore, the major 

objective of this study is to elucidate the distribution of MPs in natural environment, to 

develop novel determination methods to characterize the micro-(nano-)plastics (MNPs), 

and to study the interactions of MPs with other contaminants in different conditions, as 

well as their consequential fate in different matrices (e.g. freshwater, cold-blooded 

intestine, and warm-blooded intestine). 

The spatial-temporal distribution of the MPs along the Maozhou River was investigated 

for both the surface water and sediments from 17 sites. Results showed that MPs were 

widely and unevenly distributed along the river. The MP abundances in dry season 

ranged from 4.0 ± 1.0 to 25.5 ± 3.5 items·L-1 in water and 35 ± 15 to 560 ± 70 item·kg-

1 in sediments, which were relatively higher than those observed in wet season (water: 

3.5 ± 1.0 to 10.5 ± 2.5 items·L-1; sediments: 25 ± 5 to 360 ± 90 item·kg-1; p value < 

0.05). The dominant types of MPs were identified as: polyethylene (PE, water: 45.0%, 

sediments: 42.0%), polypropylene (PP, water and sediments: 12.5%), polystyrene (PS, 

water: 34.5%; sediments 14.5%) and polyvinyl chloride (PVC, water: 2.0%; sediments: 

15%). Moreover, metals such as Al, Si, Ca were discovered on the rough surface of the 

MPs, indicating the interactions between the MPs and the aquatic environment. After 

obtaining the occurrence of the MPs in the aquatic systems, we proposed an accurate 

method for MNPs identification and quantification with the employment of the matrix-

assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF 

MS). By optimizing the conditions (e.g. the laser energy, matrix, analyte, cationization 
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agent and their ratio), the peaks of PS and polyethylene terephthalate (PET) were 

successfully identified. A quantitative correlation was built between the normalized 

signal intensity and ln[polymer concentration], with a correlation coefficient above 0.96 

for low-molecular-weight (LM-) polymers and 0.98 for high-molecular-weight (HM-) 

polymers. Furthermore, two types of environmental MPs samples were prepared, 

including the particles of an aviation cup as the fresh plastics and the aged MPs extracted 

from river sediment. By using MALDI-TOF MS, the PS-related micro-(nano-)plastics 

(in both aviation cup and sediment) consisted of C8H8 and C16H16O oligomers, while 

the PET-related MNPs (only found in sediment) were identified with compositions of 

C10H8O4 and C12H12O4. The contents of PS and PET MNPs in sediment were quantified 

as 8.56 ± 0.04 and 28.71 ± 0.20 mg·kg-1, respectively. Also, the interaction between 

MPs and bisphenols was investigated. PVC was selected as the representative target 

because it is comparatively easy to decompose into MPs with the release of additives, 

especially the bisphenols. The released bisphenols may then be readsorbed by the PVC 

MPs and cause consequential pollution to the ecosystem. To elaborate on the 

interactions mechanism, a systematic study was carried out to determine the adsorption 

mechanisms of five bisphenol analogues (BPA, BPS, BPF, BPB, and BPAF) on PVC 

MPs. The equilibrium adsorption numbers of the bisphenols on PVC MPs are 0.19 ± 

0.02 mg/g (BPA), 0.15 ± 0.01 mg/g (BPS), 0.16 ± 0.01 mg/g (BPF), 0.22 ± 0.01 (BPB), 

0.24 ± 0.02 mg/g (BPAF), respectively. Intraparticle diffusion modeling (kinetics) 

divided the adsorption process into three stages: external mass transport, intraparticle 
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diffusion and dynamic equilibrium. The isotherm results showed a better fit of the 

adsorption to the Freundlich model. Furthermore, the adsorption mechanisms of the five 

bisphenol analogues were explored intensively, with respect to hydrophobic interaction, 

electrostatic force and noncovalent bonds. Besides the adsorption process, the transfer 

and release behaviors of contaminated MPs are of critically importance in the 

exploration of their role as culprits and/or vectors for the aforementioned toxicity. 

Therefore, experiments were performed to examine desorption behaviors and 

cytotoxicity performance of contaminated MPs in aquatic surroundings and intestinal 

environment after ingestion by organisms (cold-/warm-blooded). The kinetic study 

showed that the rate of desorption for bisphenols could be enhanced threefold under 

simulated warm intestinal conditions. The Freundlich isotherms indicated multiple-

layer desorption of the bisphenols on the heterogeneous surfaces of PVC MPs. 

Hysteresis was detected in the adsorption/desorption of bisphenols in a water 

environment, but no adsorption/desorption hysteresis was observed in the simulated 

intestinal conditions of warm-blooded organisms. Due to the enhanced bioaccessibility, 

the desorption results implied that the environmental risk of contaminated PVC MPs 

might be significantly increased after ingestion at a high bisphenols dosage. Although 

with different IC50, the five bisphenols released under the intestinal conditions of warm-

blooded organisms can cause higher proliferation reduction in fish and human cell lines 

than the bisphenols released in water. 
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In summary, this study elucidated the spatial-temporal distribution behaviors of MPs, 

developed effective determination methods for MNPs revealed the interactions 

mechanisms of MPs with other contaminants, and explored their consequential fate in 

different environments. The obtained results are helpful of better understanding on the 

land-based input of MPs from the intensively affected inland waters, realizing the role 

of microplastics as both source and carrier for emerging organic pollutants, and 

providing a novel alternative for MPs determination in future studies.  
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Chapter 1    Introduction 

 

1.1 Plastics pollution in aquatic environment 

Plastics refer to the material composed of synthetic or semi-synthetic organic 

compounds with high molecular mass, which are manufactured by the 

polymerization/aggregation of monomers or oligomers from oil, coal, or other 

products.1 The term “plastic” originated from the Greek word “plastikos”, meaning 

“pliable and easily shaped” 1. The first synthetic plastic was invented in 1869 by 

John Wesley Hyatt2, who successfully discovered a plastic by treating cellulose 

derived from cotton fiber. Especially with the lightweight, formable, durable, 

versatile, anticorrosive, and flame resistant characters, plastics can be manufactured 

to suit multifarious functions, such as energy generation, personal care products, 

food/drink storage, textiles, construction, electronics, medical purposes, etc. Thus, 

the use of plastics is now unavoidable, consequently contributing to the severe 

pollution worldwide.3 In 2018 alone, the global plastics production amount has 

exceeded 359 million tons.4 However, due to the inappropriate management of 

plastic wastes, it has been estimated that around 4.8 ~ 12.7 million of plastic wastes 

ultimately entered the aquatic environments and became waste persisting in the 

environment.5 When the plastic wastes exposed to solar radiation, climate change, 

and mechanic abrasion, processes of degradation and fragmentation may generate, 

producing numerous micro- or even nano-sized debris in the aquatic environment 
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although they can last for a long time.3,5 Once the size of these fragmentations 

decreased within 0.001 ~ 5 mm, they are commonly defined as microplastics (MPs) 

by the National Oceanographic and Atmospheric Administration.6,7 Meanwhile, 

plastic debris less than 0.001 mm are recognized as nanoplastics, while 5 ~ 25 mm 

are classified as mesoplastics, and those plastics above 25 mm are macroplastics.8 

(Figure 1.1) 

China has been reported as the world’s largest plastic producing and consuming 

country.5 Some researchers have realized the importance of investigating 

microplastics pollution in the inland waters of China, e.g.: Yangtze River,9 Wei 

River as the largest tributary of Yellow River,10 Pearl River,11 Poyang Lake,12 and 

Dongting Lake.13 It has been reported that the microplastic abundance of the surface 

water of Yangtze River at around 4.1 ± 2.5 items·L-1, with the similar order of 

magnitude when comparing to that in Wei River (3.67 - 10.7 items·L-1).10 

Comparing to Yangtze River and Wei River, the abundances of microplastics in 

Pearl River are smaller, ranging from 0.379 to 7.924 items·L-1. Relative to urban 

rivers, inland lakes, such as Poyang Lake (5 - 34 items·L-1)12 and Dongting Lake 

(0.9 - 2.8 items·L-1)13, where surrounded by farms and less populous, the pollution 

level of microplastics is relatively lower than that of Yangtze River and Wei River. 

1.2 Classification of microplastics  

MPs can be categorized as primary or secondary classes based on their sources.9 

Primary MPs are industrially manufactured or directly used in the production of 
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resin pellets, microbeads, toothpaste, drugs, and other pharmaceutical personal care 

products (PPCPs) on a microscopic scale.10 The microplastics entered the 

environment via ‘leakage’ during manufacture, transportation, or utilization. For 

the primary MPs, production volumes are tractable and their use is beginning to be 

regulated.11 However, more abundant plastic debris in the oceans are the secondary 

MPs typically derived from fragmentation of larger plastic items either during 

product application or due to degradation, embrittlement, and fragmentation when 

the waste plastics were exposed to solar radiation, temperature change, and wave 

slap.12  

Recently scientific reports have illustrated that there are various colors on the 

surface of the microplastics. Among all the colors, transparent, black, white, blue 

are frequently found in the present studies.13-15 Meanwhile, these microplastics with 

various colors mainly exhibited four shapes: foams, fragments, films, and fibers. 

Generally, foams are a class of soft and lightweight materials, while films are thin 

flexible pieces of plastic debris, and fibers are types of threads, filaments, or 

textiles.16 In terms of types, MPs can be classified as more than fifty different 

categories. However, the most frequently occurred types were recorded as the 

following seven categories: polyethylene terephthalate (PET), high-density 

polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), 

polystyrene (PS), polyurethanes (PU), and polyvinyl chloride (PVC)  (Figure 1.1).  
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Figure 1.1 Classification of the microplastics 

 

1.3 Physicochemical and biological properties of microplastics 

Physicochemical properties of microplastics vary significantly with types, 

including solubility, density, shape, crystallinity, surface chemistry, and polymer 

and additive composition.17,18,19  

 

1.3.1 Solubility 

Most microplastics are generated by the fragmentation of the plastics, from 

petroleum production.12,13 Generally speaking, microplastics contain low water 

solubilities, like PS, PE, PP, PVC, polymethyl methacrylate (PMMA), 

polyisobutylene (PIB).17 However, there are still polymers with -OH or C-O groups 

that can dissolve in the water, such as the polyethylene glycol (PEG). Polymers 
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with C-O groups tend to dissolve better in water as they contain more oxygen atoms. 

The oxygen atoms in the polymers are slightly negatively charged, helping form the 

hydrogen bond.17 Thus, the carbon/oxygen ratio can be regarded as a strong issue 

that can exhibit the solubility of the polymers.17 

  

1.3.2 Density  

Density is a relatively important parameter in extracting MPs from the 

environmental mixtures. About a half amount of the microplastic is buoyant in the 

aqueous environment, such as PS, LDPE, HDPE, and so on. Table 1.1 exhibits the 

density of the common types of microplastics, most of which are around 1 g·cm-3. 

According to the character, the application of a heavy liquid (e.g., saturated zinc 

chloride, sodium iodide, and even saturated sodium chloride) enables the 

microplastics to float on the surface of the solution. With the method, MPs can be 

successfully separated and extracted from the environment matrix. 

 

Table 1.1 Density of various plastic types 

Plastic Type Abbreviation Density (g·cm-3) 

Polystyrene PS 1.04-1.08 

Expanded Polystyrene EPS 0.01-0.04 

Low-density 

Polyethylene 
LDPE 0.94-0.98 

High-density 

Polyethylene 
HDPE 0.94-0.98 
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Polyamide PA 1.13-1.16 

Polypropylene PP 0.85-0.92 

Acrylonitrile-butadiene-

styrene 
ABS 1.04-1.06 

Polytetrafluoroethylene PTFE 2.10-2.30 

Cellulose Acetate CA 1.30 

Polycarbonate PC 1.20-1.22 

Polymethyl methacrylate PMMA 1.16-1.20 

Polyvinyl chloride PVC 1.38-1.41 

Polyethylene 

terephthalate 
PET 1.38-1.41 

 

1.3.3 Shape 

As mentioned in the Section 1.2, they could be classified as four dominant shapes: 

foams, fragments, films, and fibers.  Meanwhile, the shape is also a critical 

character in exploring the ecotoxicity of microplastics in the whole food web4. 

Recently, Au et al. (2015)20 discovered that PP with the shape of fiber induced 

higher toxicity than with the shape of PP beads in freshwater amphipod when 

assessing endpoints of mortality. At some extent, microplastics contained with a 

more irregular shape may tend readily to exhibit larger specific surface area and 

generate a greater influence.21 
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1.3.4 Crystallinity 

The crystallinity of the polymer is another essential feature as the crystalline area 

composed of more regularly and ordered polymer chains, which can affect the 

strength and rigidity of the microplastics.17 Amorphous polymers are the random 

molecular jumble that let the chains move across each other when the polymer 

undergoes stretched or compressed. They are very flexible and elastic.17 Generally, 

polymers are often presented in the form of semi-crystalline, existing somewhere 

on a scale between amorphous and crystalline.21 The crystallinity degree strongly 

affects the other physical properties such as density and hardness, in turn, 

influencing other physical and chemical properties.11,17 In detail, the preferential 

embrittlement in the amorphous area leads to a decrease in size with the overall 

increase of the microplastic crystallinity to increase,21 resulting in changing with 

fragmentation or degradation period. 

 

1.3.5 Surface chemistry 

Surface chemistry characters of microplastics are always changed by the influence 

of photo and oxidative degradation. New functional groups would be generated 

during these processes through reactions with oxygen, OH radicals, nitrogen oxides, 

and other radicals22. Then, the surface chemistry properties will be changed, leading 

to crack and open up the new surface of the microplastics for further changing the 

fragmentation processes.17,18 Moreover, the change of surface chemistry may 
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strongly influence the interactions between microplastics and pollutants12, which 

may also affect the uptake, retention, and internalization of microplastics in the 

biota. However, it is still unknown whether these changes caused by surface 

chemistry are important or not in determining the toxicity in realistic exposure 

scenarios. In addition, the surface area was considered as a critical issue in the 

surface chemistry. For primary microplastics in recent studies, it can be calculated 

based on spherical equivalent diameter23. However, this calculation can cause a 

miss-estimation for secondary microplastics as the surface area would increase 

during the period of the degradation processes.  

 

1.3.6 Monomer or additives in microplastics 

Surface chemistry properties are always changing during the degradation processes. 

The additives in the microplastics would be also leached out from the structure of 

the microplastics, resulting in generating the potential risks to the biota.24 Currently, 

the type profiles of addictives applied in plastics have been well recorded, such as 

the antioxidants, biocides, plasticizers, and dyes.25-31 The common monomers of 

styrene in polycarbonates (PC), acrylonitrile butadiene styrene (ABS), PET, PU, 

PS, and its copolymer have been regarded as the suspected carcinogen.25-29 In 

particular, the PC and ABS have been categorized as probable carcinogenic 

substances by the International Agency for Research on Cancer. Moreover, 

monomers leached from the high chloride in PVC plastics have been regarded as 
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the most hazardous chemicals, which may generate serious dioxin pollution during 

the production and incineration processes.30-31 Meanwhile, the high addictive 

content in PVC plastics was another issue that increases the carcinogenic properties. 

Brominated flame retardants (BFRs) and endocrine disrupting chemicals (EDCs) 

are two common additives that widely applied in plastic productions (e.g. baby 

bottles, cans, containers for beverages and foods).32 These chemicals enable to 

obstruct hormonal schemes at certain doses, resulting in cancerous tumors, genetic 

disorders, and other abnormal growth patterns.32 Representative EDCs include 

dichloro-diphenyl-trichloroethane (DDT), polychlorinated biphenyls (PCBs), 

bisphenols (BPs), polybrominated diphenyl ethers (PBDEs), Phthalates, Triclosan 

(TCS) and a variety of phthalates. Among all these EDCs, bisphenols are commonly 

utilized as plasticizers and have been detected widely in the engineered and natural 

environments, such as in the polymer of PC, ABS, PU, and PVC. The release of the 

monomers and additives from the plastics wastes have caused the potential risks 

during all lifecycle stages due to the poor management and low recovery rate. 

Specific cases of monomers or additives leached out from various types of plastics 

contain bisphenol A from epoxy resins,26 nonylphenol from plastic bags,29 PCBs 

from building pipes,31 and extractable PET oligomers from common water bottles 

and food containers.31 It is very important to figure out how these leachable 

substances interacted with each other and then caused the synergistic or antagonistic 

effects.  
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1.3.7 Biological properties of microplastics 

In pelagic and benthic environments, the suface of microplastics are always easily 

colonized by microorganisms and then form biofilms.36 Biofilm formation is mainly 

affected by surface roughness and hydrophobicity. For example, the ultraviolet 

radiation can modify both the roughness and hydrophobicity by formation of cracks 

and pits and increased the surface oxidation groups.37 These pits and cracks provide 

spaces for biofilms growing. Plastic-colonizing microorganisms have also been 

found to influence the surface properties and buoyancy of polymers. Meanwhile, 

the ambient conditions like temperature, salinity, pressure, and the availabilities of 

light and oxygen are likely to influence the development of plastic-associated 

biofilms.38 For example, the low temperatures (<5°C), absence of light, and 

elevated pressure within deep waters are likely to impose selective forces on 

plastisphere assemblages that differ from those within shallow habitats.  

1.4 Determination methods in microplastic analysis  

Microplastics with multiple sizes, colors, shapes, and types are difficult to 

determine in complex environments, especially in aquatic systems.38-40 Thus, 

researchers attempt to detect microplastics accurately by developing accessible and 

standardized analytical methods.41 Recent studies often combined two steps to 

confirm the types and quantities of the microplastics, including the physical 

identification (e.g. visual, microscopy) and then followed by the chemical 

identification (e.g. Spectroscopy, Thermal methods).42-45 Visual identification 



-11- 

including microscopy is suitable for identifying the relatively large microplastics 

(MPs; > hundreds of micron range).46 Once the size falls in the range between 2-5 

mm, some MPs can be identified with the naked eye based on other information, 

including their color and texture.46 However, the method strongly relies on testers’ 

professional skill and occupational experience.47,48 Moreover, once their size 

smaller than sub-hundred-micron (< 100 μm), the false determination of MPs by 

this method was often over 20%, even over 70% for non-color MPs.49,50 On the 

condition, spectroscopic methods are both widely used to identify the MPs based 

on the different absorption bands resulted from the characteristic groups.1,51,52 The 

detection limit of MPs can reach as low as around 1 μm once coupled with a micro-

imaging system (e.g. μ-FT-IR, μ-Raman).1 However, FT-IR and part of μ-FT-IR 

instruments can only provide identification information like size, color, shape, and 

types.53,54 As to the quantification, the suspected MPs have to be characterized one 

by one which is very time-consuming.49,55 Unexpectedlly, Raman spectroscopy can 

be affected by additives (e.g. pigments, filler components) on the MPs surfaces, 

which may interfere the identification results of the MPs.45,56,57 Other advance 

characterization techniques such as scanning electron microscopy (SEM) and 

Transmission electron microscopy (TEM) also can offer high-resolution images of 

suspected MPs,58 with the combination of energy-dispersive X-ray spectroscopy 

(EDS), they can provide the surface elemental composition of the MPs.59 However, 

SEM/TEM-EDS is rather expensive, and consume much time for preparing the 
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sample, resulting in limiting the quantification efficiency.59 Thermal extraction 

desorption (TED) or pyrolysis (Pyr) connected with gas phase-mass spectrometry 

(GC-MS) have also been proposed as alternative methods for detecting the MPs in 

the environmental medium. It has been documented that the TED-GC-MS method 

can be applied to identify the major MPs, such as PP, PE, and PS from the terrestrial 

(biogas plant) and aquatic (rivers) systems.60 Pyr-GC-MS is another thermal 

analysis approach, which can discover the MPs types via their thermal 

decomposition products.60 In contrast to the spectroscopic techniques, 

thermoanalytical analysis allows the analysis of whole MP particles without the 

interference by additives. However, some researchers stated that this method is 

hardly feasible for MPs smaller than 100µm in terms of handling.1 Once the plastics 

lower than 1 µm, referred to nanoplastics (NPs) by authors, are hardly identified by 

the thermal analysis.60 Furthermore, thermal analysis methods are difficult to 

quantify the microplastics in the complicated environmental samples.60 

 

1.5 Fate of the microplastics in the aquatic environment 

MPs can travel between different environmental compartments, from land to the 

aquatic systems, through many different pathways.32 Migration behaviors mainly 

depends on the viscosity, hydrodynamics, wind conditions as well as the character 

of the specific microplastics (Figure 1.2).32 In detail, topography condition has been 

highlighted on the distribution of microplastics in the aquatic environments.32 A 
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previous investigation found that the rivers, streams, lakers in both urban and rural 

areas can discharge microplastics into coastal zones through the topography 

effects.33 Moreover, coastal environments, including both the human activities and 

the surface plastic amount originated from the urban and rural areas, have been 

recognized as the major input pathways for microplastics into the marine system.33 

Once entered into the marine environment, many studies documented that those 

floating microplastics often accumulated in ocean gyres by the wind, wave action, 

currents and gyres.34 

 

 

Figure 1.2 Microplastic transportation from land to aquatic systems32 

 

Density has been regarded as the key parameter that influences the fate of the 

microplastics in the water column. The density of the water increases gradually with 

water depth, therefore, it could be expected that the microplastics would finally 

suspend in the water column where its density equals to that of microplastics 
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(Figure 1.3). The fate of the microplastics together with those additives in the 

aquatic system is very complex and uncertain.35-39 Although some types of the 

microplastics can sink to the sediments attributed to their much higher density to 

water density (> 1 g·cm-3), a growing number of studies certified that all types of 

microplastics together with additive chemicals can be presented throughout the 

water column affected by some other key parameters, such as the particle size, 

biofilm growth, temperature.35,36 Biofouling effects may be another important effect 

which can help some light microplastics (e.g. PP, PE, and EPS) sink to the 

sediments.37,38 With the acceleration of biofouling, microplastics are able to sink 

deeper. While those settled microplastics down to sediment could suspend again 

into the water column by bioturbation, hydrodynamic conditions.39 Thus, it should 

be necessary to develop the dynamic models for predicting the transportation of the 

microplastics in the aquatic environments. In addition, the sediments can be 

regarded as both the sources and sinks of the microplastics in the aquatic 

environments.38,39 
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Figure 1.3 Microplastic transportation in the aquatic systems 

 

1.6 Potential health risks of the microplastics 

As microplastics can exist throughout all aquatic compartments, there are high 

possibilities that biotic can ingest the microplastics and then give rise to further 

propagated effects on the surrounding ecosystem.61 Through bioaccumulation and 

biomagnification effects, microplastics can even exist in the organisms from 

different trophic levels and cause a serious impact on the whole food web.62 

Laboratory studies recently have reported the uptake of microplastics by 

zooplankton,22 invertebrates,63,64 echinoderms,65 mussels,66 oysters,67 crabs,68 fish69 

and coral70 at environmentally relevant concentrations. In the above-mentioned 

studies, microplastic uptaken by organisms directly (ingested: tissue concentration-
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adverse effects relationships) or indirectly (trophic transfer) caused a series of 

ecotoxicological response mechanisms from physical hazardous, biological effects 

and chemical reactions (Figure 1.4). Physical effects include a reduction in feeding 

activity,22,63 adherence,71 entanglement,71 while chemical and biological effects 

consist of the inflammation,66 immune disorders,66 intracellular oxidative stress 

variation,67 depletion of energy reserves,63,68 and significant impacts on offspring.67 

All these effects can cause further mortality of exposed individuals, which results 

in the following impacts on the following aspects: food security,72 socioeconomic 

wellbeing73 and ecosystem health.74 Although the cascading effects of microplastics 

in the potential risks on human beings are still unknown, some representative 

biomarkers were examined as follows: energy homeostasis, translocation, oxidative 

stress, circulatory system disorder, immune system dysregulation, and neurological 

dysfunction. Generally, microplastics can generate toxicity for aquatic organisms 

by the following two pathways: small microplastics can penetrate the cell 

membrane and directly induce great intracellular oxidative stress, and the attached 

pollutants can be released from the contaminated microplastics and generate further 

impacts.74. 
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Figure 1.4 Pathways of potential impacts of microplastics on food security, 

socioeconomic wellbeing, and ecosystem health 

 

1.7 Research outline and thesis structure 

This thesis consists of six chapters including field and laboratorial work, reflecting 

the studies on the occurrence, determination, and environmental fate of MPs in 

aquatic systems (Figure 1.5). Field work (Chapter 2) mainly investigate the spatial-

temporal distributions of microplastics in both water and sediments along the urban 

river. The physicochemical properties of microplastics are also characterized by 

microscale instruments, the surface morphology of microplastics is further 

observed to exhibit the aging effects. Moreover, a systematic comparison was 

carried out between representative microplastics contamination of this river and that 

of other inland waters. Chapter 2 has also explained the possible contribution to 

microplastic pollution by anthropogenic and industrial activities in the watershed, 
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aiming to fulfill the database on the land-based input of microplastics in the 

freshwater system. 

Chapter 3 focuses on developing an alternative approach for microplastic 

identification and quantification based on the mass spectrometry methods 

(MALDI-TOF MS) in the laboratorial scale. In detail, this chapter screened and 

optimized the effective factors which may strongly affect the measurement results. 

Subsequently, the determination including identification and quantification 

measurements were tried to be built, verified, and finally applied in determing the 

real microplastic samples after extraction from the complex environments. This 

study has the potential to not only provide a novel and effective for microplastics 

(or even nanoplastics) determination but also motivate future researches to explore 

the dissemination and translocation process of MNPs in environmental and 

biological samples in situ. 

Chapter 4 is committed to exploring adsorption mechanisms of bisphenols on 

microplastics. A series of batch experiments were performed to elaborate the 

adsorption behaviors of five bisphenol analogues (BPA, BPS, BPF, BPB, and 

BPAF) on PVC microplastics. Moreover, the kinetic, isotherm, and thermodynamic 

studies are utilized to further explain the adsorption mechanisms between bisphenol 

analogues and PVC MPs, exploring the possible formation of chemical bonds 

arising between polymer and contaminants. This chapter will be help of 
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contributing to a better understanding of the character of microplastics, which can 

act as both vectors and/or culprits for emerging organic contaminants. 

In contrast to the adsorption process, desorption or release behaviors of 

contaminants-attached microplastics are also critical in the exploration of their role 

as vectors and/or culprits for the aforementioned contaminants. Therefore, 

systematic experiments in Chapter 5 were conducted to verify desorption 

performance and cytotoxicity of polluted microplastics in stimulated aquatic and 

intestinal systems, including water, cold- and warm-blooded environments. 

Furthermore, the cytotoxicity is also elucidated by exploring the proliferation 

reduction of the fish and human cell lines. Finally, the bioaccessibility and potential 

risks of the bisphenol-attached microplastics were calculated and evaluated 

respectively. This chapter can be of great contribution to figuring out the 

consequential release behavior and potential risks of contaminated microplastics. 

Moreover, it also can lead to the implications of the microplastics as an important 

vector for attached contaminants to enhance the public health risks.  

Chapter 6 concludes the previous five chapters with the combination of data, 

results, and discussion to address the limitations of our study. Meanwhile, the 

perspective studies for further exploring the role of the microplastics in the 

environmental ecosystem will be identified and illustrated. 
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Figure 1.5 Schemes of the thesis 
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Chapter 2    Spatial-Temporal Distribution of Microplastics in 

Surface Water and Sediments within Guangdong-Hong Kong-

Macao Greater Bay Area 

 

2.1 Introduction 

The occurrence of plastic debris has been documented to increase from 1.7 to more 

than 330 million tons in the past 60 years.4 About 10% of this plastic debris enters 

the aquatic environments recognized as recalcitrant contaminants,79 which might 

ultimately become microplastics after gradual deterioration and progressive 

fragmentation due to environmental processes such as ultraviolet radiation, 

mechanical abrasion, and biological effects. With strong hydrophobicity80,81 and 

large specific surface area,17 the microplastics tend to sorb contaminants and play 

critical roles in transferring hazardous components into the ingested organisms, 

resulting in adverse effects like the gut system obstruction, oxidative stress, and cell 

damage.82 Moreover, these microplastics can also accumulate in the tissues of some 

higher-level organisms via trophic transfer process, causing biomagnification of the 

health impacts.83 Several factors may hinder the clarification of microplastics’ 

potential risk to the aquatic ecosystem.84 One of which is that the microplastics, 

unlike other pollutants, demonstrate a wide range of abundances, sizes, shapes, 

types, and distributions in the aquatic environments.79  
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The occurrence of microplastics in the aquatic environment has attracted a wide 

range of research interests all over the world. Since the first time that the 

microplastics were documented in the ocean around Plymouth by Thompson et 

al.,85 researches on marine plastic pollution have been increasingly developed all 

over the world.75,86 Million tonnes of marine plastics were originated per year from 

land-based sites, while inland rivers have been recognized as the major transport 

pathway.75 In this case, a growing number of researches have been extended to the 

abundance and distribution of microplastics in rivers and lakes.16,87 China has been 

reported as the world’s largest plastic producing and consuming country.5 Some 

researchers have realized the importance of investigating microplastics pollution in 

the inland waters of China, e.g.: Yangtze River,88 Wei River as the largest tributary 

of Yellow River,80 Pearl River,16 Poyang Lake,89 and Dongting Lake.90  

The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) is one of the most 

economically vibrant regions in China, and plays a significant strategic role in the 

land-based “Silk Road Economic Belt” and “the 21st Century Maritime Silk Road”. 

The GBA has a combined population of about 70 million at the end of 2017 and its 

gross domestic product (GDP) reached around RMB 10.3 trillion in 2017.91 

However, with rapid development, the natural environment especially the aquatic 

system of the GBA has been seriously polluted.92 Shenzhen is one of the four core 

cities (Hong Kong, Macao, and Guangzhou as the other three), leading the 

development of nearby regions. Maozhou River is the largest river in Shenzhen and 
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finally feeds into the Pearl River, the largest urban agglomeration comprising more 

than 60 million residents reported in the middle of 2018. It is a vital agriculture 

production and biodiversity hotspot of global significance,93 and also a 

representative region of intensive residents, economy, and industrial parks 

especially with dozens of plastic manufacturing plants.94 Therefore, a systematic 

investigation on the microplastics in Maozhou River is essential for the evaluation 

of microplastics input into the Pearl River and finally contributes to the database 

for a comprehensive study on the microplastics pollution status of the GBA. 

Moreover, previous studies mainly reported the spatial distribution other than the 

temporal evolution of the microplastics pollution in the inland water of China. But 

the temporal differences can enable the retrospective assessment of the occurrence 

and distribution of plastics with time changing, which can provide further 

information for a more comprehensive understanding of microplastics pollution 

sources and transportation pathways.95 

Therefore, this chapter intends to investigate the status of microplastics pollution 

along the mainstream of Maozhou River, including the spatial distribution and 

temporal variation of surface water and sediments. The size, color, shape, and types 

of microplastics were statisted by microscopy and μ-FT-IR analysis, to explain the 

possible contribution by human activities and industrial processes in the watershed. 

The morphology of representative samples and the surface elemental compositions 

were further observed to explicate the weathering effects especially the abrasion by 
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the mineral constituents in the sediments. Furthermore, an intensive comparison 

was performed on microplastics pollution of Maozhou River with other major 

inland waters, including the two longest rivers and four largest lakes in China. This 

chapter will provide a comprehensive investigation on the microplastics pollution 

of a representative river flowing into the Pearl River Estuary, and finally contribute 

valuable database to the studies on the land-based input of microplastics from the 

intensively affected inland waters. 

 

2.2 Materials and methods 

2.2.1 Study area and sample collection 

Maozhou River watershed (22°39′-22°48′ N, 113°44′-113°56′ E) locates in the 

northern part of Shenzhen,94 and the river water has an annual average temperature 

of 22.4 °C. The annual average precipitation is 1606 mm, and ~80% of the rainfall 

occurs in the period from April to September.93 With a total length of approximately 

41.6 km, the Maozhou River is originated from Yangtai Mountain (southeast) to 

northwest and finally flows into the Pearl River Estuary (Figure 2.1). 17 sampling 

sites were evenly distributed along the mainstream of the Maozhou River, with 

detailed information summarized in Table 2.1 including the accurate latitude, 

longitude, and routine detection results. On each site, triplicates of 5 L surface water 

were sampled by a stainless-steel bucket (Guangzhou, China) from the top 50 cm 

of the water body and then preserved in 4 ℃ until further analysis. Similarly, 
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replicates of almost 1 kg surface sediments were collected from the top 20 cm layer 

using a box corer, and then transported into aluminum foil bags and stored in 

refrigerated enclosure (4 ℃) before analysis. Two periods were selected for sample 

collection: October 22nd-24th (2018) representing the dry season and April 4th-6th 

(2019) as the dry season.95 Besides, no rainfall was detected within 7 days before 

sampling or during the period of sample collection.
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Table 2.1 Detailed information on the sampling sites 

Sample ID Lat.DD Long.DD pH pH Temperature Temperature 

 decimal degrees decimal degrees (October) (April) (April, ℃) (Oct, ℃) 

S01 22.68041111 113.9339306 7.33 7.28 23.7 21.4 

S02 22.68399444 113.9225028 7.24 7.14 22.1 23.4 

S03 22.71368333 113.9034389 7.17 7.36 23.0 22.8 

S04 22.72449444 113.9050083 6.99 7.33 26.6 26.7 

S05 22.73889444 113.9082806 7.62 7.42 26.8 25.4 

S06 22.749275 113.9078167 7.15 7.18 26.1 26.8 

S07 22.76541111 113.9096139 7.12 7.11 25.7 27.2 

S08 22.78325833 113.9110583 7.32 7.23 25.5 27.7 

S09 22.79455 113.9021361 7.36 7.41 24.5 27.8 

S10 22.80164167 113.8855694 7.28 7.26 22.0 28.0 

S11 22.79309444 113.8580583 7.19 7.14 26.1 25.6 

S12 22.79631944 113.8394306 7.22 7.22 25.0 22.4 

S13 22.79318333 113.8079556 7.16 7.33 24.4 23.1 
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Sample ID Lat.DD Long.DD pH pH Temperature Temperature 

 decimal degrees decimal degrees (October) (April) (April, ℃) (Oct, ℃) 

S14 22.78710278 113.7987139 7.31 7.31 25.8 23.5 

S15 22.77668611 113.792525 7.10 7.29 24.8 23.2 

S16 22.76742778 113.7893 7.35 7.22 22.6 24.8 

S17 22.7514 113.78045 7.26 7.19  23.7 26.2 
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2.2.2 Extraction of microplastics 

The extraction of microplastics from the collected surface water and sediment samples 

was performed according to the method reported in previous studies.85,96. Replicates of 

water samples (5 L) were incubated overnight with 10 mL of 30% H2O2 (Aladdin, 

China) to degrade the organic matter, and were then filtered through 0.45 μm GF/C 

glass microfiber membranes (Whatman, UK). After drying the collected wet sediments 

at 60 ℃ for 48 h, triplicates of sub-samples (100 g) were randomly selected and 

subjected to wet peroxide oxidation (30% H2O2). The sub-samples were then 

resuspended with 1 L of ZnCl2 (Sigma-Aldrich, US) solution (1.8 g·cm-3) by magnetic 

stirring for 4 h in a clean beaker for the microplastics separation.97 After 

depositing/settling for 8 h, the supernatants were subsequently moved to pass through 

the 0.45 μm GF/C glass microfiber filter membranes. All the membranes after 

extraction processes were transferred into the glass culture dish and oven-dried (1 h, 

60 ℃) for further observation.  

 

2.2.3 Characterization of microplastics 

The microplastics were assessed according to three size ranges: large microplastics 

(LMP, 1 - 5 mm ), middle microplastics (MMP, 0.1 - 1 mm), and small microplastics 

(SMP, 10 μm - 0.1 mm).98 A fluorescence microscopy (Nikon, Ni-U, Japan) with 10 ×  

magnification was used to determine the size, shape, and color of large microplastics 

(MMP and LMP) on the glass fiber membrane.99 For the SMP, the characterization 
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procedure was directly conducted on the filters using a micro-Fourier transform infrared 

spectrometer (μ-FT-IR) apparatus (Spotlight 200i, PerkinElmer, USA). The shapes of 

microplastics were identified as four groups: foams, fragments, films, and fibers. The 

colors of microplastics were recorded as five categories: transparent, white, black, 

yellow, and blue. The types of microplastics were identified by the μ-FT-IR apparatus 

with a liquid nitrogen-cooled system in attenuated total reflection (ATR) mode. Each 

membrane was first magnified at around 300 times with an aperture of 60 × 60 mm for 

the observation of the microplastics samples. The magnification was then adjusted 

according to the actual size of the samples. Baseline correction was performed before 

measuring the spectrum of microplastics. The spectrum was obtained with six 

accumulations ranging from 4000 to 400 cm-1, and then immediately identified by 

comparing to the polymer database (PerkinElmer library about 12000 reference 

spectrums). The highest degree of compliance (at least > 70%) was finally considered 

reliable and assigned to the tested samples. 

Furthermore, a field emission SEM (ZEISS, Germany) was used in this chapter to 

characterize the surface morphology of some selected microplastics, coupled with an 

EDS (ZEISS, German) for further elemental analysis. Samples were observed with a 

magnification between 70 - 8000 times by a secondary electron detector at 5 kV, while 

the element analysis was performed by the mapping mode EDS analyses at 20 kV. To 

enhance the conductivity, the microplastics samples were sputtered with a 3 nm layer 

of gold by Leica (Leica, Germany) coating system. 
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2.2.4 Quality assurance and quality control  

Various control procedures were implemented strictly throughout this chapter. All 

instruments and containers were washed 3 times with 18.2 MΩ deionized (DI) water 

(Millipore Co., U.S.A) before sampling. During the sampling processes, a clean glass 

culture dish with a glass fiber membrane inside was used on each site to collect airborne 

microplastics. All sediment samples were covered with aluminum foil after the sorting 

processes. Non-textile lab coats, masks, and nitrile gloves were worn in case of plastic 

contamination during the whole period of sample collection, extraction, and 

identification. Procedural blanks with three replicates were conducted simultaneously 

to cross-check the ambient contamination. The blank test results showed no 

microplastics observed, confirming that the lab environment is suitable for performing 

microplastic experiments. 

 

2.3 Results and discussion 

2.3.1 Microplastic abundance, temporal evolution and spatial distribution in 

Maozhou River 

Table 2.2 and Figure 2.1 illustrate the spatial distribution and the temporal variation of 

microplastics detected in the water and sediment samples of 17 sites along the 

mainstream of Maozhou River. There are 877 items and 1581 items detected for the 

microplastics in the collected water and sediments, respectively, showing the 
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pervasiveness of microplastics contamination in the Maozhou River watershed. The 

abundance of microplastics on all sites varied from 4.0 ± 1.0 to 25.5 ± 3.5 items·L-1 of 

water and 35 ± 15 to 560 ± 70 items·L-1 of sediments in April, which are 

correspondingly higher (water: p value < 0.05; sediment: p value < 0.05) than those 

observed in October (water: 3.5 ± 1.0 ~10.5 ± 2.5 items·L-1; sediments: 25 ± 5 to 360 

± 90 items·L-1). The amount of rainfall during the rainy season accounts for around 80% 

of the watershed’s total annual precipitation,93 which may increase the river flux65 and 

dilute the microplastics concentration in the river.16 

Figure 2.1 further shows a severely unbalanced spatial distribution of the microplastics 

among the 17 sites in both water and sediment systems. In detail, the number of 

microplastics increased slightly along the river from Site 1 to Site 7, and then suddenly 

increased on Site 8 but remained relatively stable until Site 13. Afterwards, the 

abundance of microplastics decreased obviously from Site 13 to Site 15 but rose again 

significantly at Sites 16 and 17.  

As Sites 1 and 2 are close to Yangtai Moutain Forest Park, a very low abundance of the 

microplastics was observed in water and sediments of both sites. The effluent from 

wastewater treatment plant (WWTP) may cause the enrichment of microplastics in the 

receiving water,100 which can explain the obvious increase in microplastics amount at 

Site 8 with the Guangming WWTP nearby (marked as a triangle in Figure 2.1). The 

samples collected at Site 12 in April showed the highest abundance of microplastics 

(25.5 ± 3.5 items·L-1 in water and 470 ± 150 items·kg-1 in sediments) (Figure 2.1), and 
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the data was about six and ten times higher than the lowest amount detected 

correspondingly in water and sediment at Site 1. From the map in Figure 2.1, Site 12 is 

located with a confluence of Laohuken and Guilindong reaches which are surrounded 

by Songgang WWTP as well as some industrial and high-tech parks. Therefore, the 

potential residential and industrial microplastics sources90 made Site 12 as the sampling 

site with the highest microplastics amount. At the downstream of Maozhou River (Sites 

16 and 17), the estuary of the Pearl River (the intertidal zone) becomes wider with water 

velocity slowing down, which is conducive for the precipitation of microplastics into 

the sediments.80 Meanwhile, the microplastics in the sediment can be suspended in the 

seawater column again due to the tidal current,101 making an obvious increase in the 

microplastics abundance of water samples at Sites 16 and 17. 
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Table 2.2 Spatial-temporal distribution of microplastics along the Maozhou River 

Site Water (item·L-1)(Apr.) Sediments (item·L-1) (Apr.) Water (item·L-1) (Oct.) Sediments (item·L-1) (Oct.) 

1 4.0 ± 1.0 45 ± 5 3.5 ± 1.5 25 ± 5 

2 4.5 ± 2.5 35 ± 15 2.0 ± 0.0 30 ± 10 

3 8.5 ± 1.5 95 ± 15 4.5 ± 1.5 80 ± 15 

4 6.0 ± 2.0 90 ± 10 2.0 ± 1.0 95 ± 15 

5 6.0 ± 2.0 100 ± 20 3.0 ± 2.0 70 ± 10 

6 6.5 ± 1.5 160 ± 80 5.5 ± 3.5 95 ± 30 

7 7.0 ± 1.0 110 ± 50 6.0 ± 3.0 125 ± 45 

8 11.5 ± 4.5 300 ± 95 9.5 ± 3.5 175 ± 65 

9 17.5 ± 3.5 330 ± 75 8.5 ± 2.5 275 ± 35 

10 21.5 ± 5.5 390 ± 50 10.5 ± 5.5 310 ± 90 

11 22.0 ± 4.0 400 ± 70 11.5 ± 2.5 270 ± 40 

12 25.5 ± 3.5 470 ± 150 12.5 ± 2.5 340 ± 50 

13 16.0 ± 5.0 420 ± 80 10.0 ± 2.0 275 ± 55 

14 7.0 ± 5.0 210 ± 70 3.0 ± 1.0 80 ± 20 
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Site Water (item·L-1)(Apr.) Sediments (item·L-1)(Apr.) Water (item·L-1) (Oct.) Sediments (item·L-1)(Oct.) 

15 8.0 ± 4.0 300 ± 50 4.0 ± 2.0 120 ± 40 

16 17.0 ± 3.0 350 ± 130 9.5 ± 5.5 180 ± 50 

17 18.5 ± 2.5 560 ± 70 10.0 ± 4.0 405 ± 75 
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Figure 2.1 (a) Location of the 17 sampling sites along the Maozhou River; (b) the 

abundance of microplastics in the surface water collected in April (dry season, Red 

column) and October (wet season, Blue column), respectively; (c) the abundance of 

microplastics in the sediments collected in April (dry season, Pink column) and October 

(wet season, Purple column), respectively.  
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2.3.2 Size, color, shape and types of microplastics 

From the size distribution summarized in Figure 2.2a, the microplastics with the size 

range of 0.1 - 1 mm (MMP) are predominant in the surface water of the entire watershed 

except Site 17, occupying 47.1 - 75.0% of the total amount of detected debris. 12.5 - 

36.5% of the detected microplastics were found as SMP with a size of 0.01 - 0.1 mm, 

while the rest (5.9 - 17.6%) are within 1 - 5 mm (LMP). Similar size distribution was 

observed for microplastics in the sediments (Figure 2.2b), which shows that the MMP 

also accounts for the highest proportion (47.5 - 72.9%) among all sediment samples 

from Maozhou River except Site 17. The high proportion of MMP was also certified 

by the previous studies.98 For example, the dominant size of the microplastics detected 

in the Saigon River was less than 0.25 mm, while Baldwin et al. found that 72% of the 

microplastics were in the size range of 0.35 - 0.99 mm after investigating 29 great lakes 

worldwide.98 Different from other sites, the major components of size at Site 17 were 

in the range of 0.01 - 0.1 mm, accounting for 62.7% in water and 55.4% in sediments, 

respectively. The dominance of MMP and SMP suggests that the turbulence caused by 

tidal currents might strongly affect the exchange of microplastics between the Maozhou 

River and the Pearl River Estuary. 
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Figure 2.2 The size distribution of microplastics in (a) water and (b) sediments of the 

Maozhou River in the dry season (April). Small microplastics (SMP: 0.01 ~ 0.1 mm) 

accounted for 12.5 % ~ 38.5 % of the total number of microplastics, but 62.7% at Site 

17; Middle microplastics (MMP: 0.1~1 mm) were predominant size (24.3 ~ 75.0 %) 

along the Maozhou River; Large microplastics (LMP: 1 ~ 5 mm) were the least (5.9 ~ 

20.0 %) along the Maozhou River. A similar trend of size was also observed in the 

sediments, which SMP, MMP, and LMP occupied from 15.6% to 56.4%, from 34.8% 

to 72.9%, and from 9.8% to 21.4%, respectively.  
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Color has also been considered as an essential issue affecting the ingestion of 

microplastics by organisms,102 and therefore, the colors of microplastics were recorded 

in this chapter (Figure 2.3a&b), including transparent, white, black, yellow and blue. 

The results showed that transparent microplastics occupy 42% and 38% of the total 

amount of microplastics in water and sediment samples, respectively. The white 

microplastics are the second largest group (22% in water and 28% in sediments), 

followed by colored items consisting of blue, black, and yellow. The high proportion 

of colorless microplastics (transparent and white) was in line with many previous 

studies,16,101,102 which has been reported to be caused by the spillage of plastic products 

from the surrounding industries and the fading during strong weathering processes like 

wave action by tidal currents. 

The microplastics could be classified into four shapes: foams, fragments, films, and 

fibers. Generally, foams are a class of soft and lightweight materials, while films are 

thin flexible pieces of plastic debris, and fibers are types of threads, filaments or 

textiles.16 However, when an item cannot be classified as the shapes above, it was 

recognized as fragments.16 As shown in Figures 2.3c&d, fragments are the most 

frequently occurring shape of the microplastics detected in both water and sediments, 

with the ratio of 81.9% and 89.4%, respectively. The second majority of microplastic 

shape was foam, accounting for 9.3% in water and 6.7% in sediments, respectively. The 

microplastics with shapes of fragments and foams are widely applied as cosmetic 

products or transportation packages.16 In this case, the high proportion of fragments and 
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foams in Maozhou River watershed can be explained by the high densities of the 

surrounding population and plastic manufacture industries. Moreover, the percentage 

of films in water (7.9%) is higher than that in the sediments (1.6%), while the 

percentage of fibers in water (0.9%) is lower than the percentage in the sediments 

(2.3%). With higher specific surface area and lower density, the foams and films are 

easy to be suspended in the water system. In contrast, a lower specific surface area can 

make the polymer like fiber and parts of fragments deposit into sediments. The types 

of microplastic items were identified by μ-FT-IR and illustrated in Figures 2.3(e&f), 

Figures 2.4 and Figure 2.5. PE, PS and PP were detected as the major polymer materials 

in water samples, accounting for 45.0%, 34.5%, and 12.5% of the detected 

microplastics, respectively (Figure 2.3e). Previous studies86,104 also reported PE and PP 

as the most common microplastics types due to their wide application and easy 

transportation. While in the sediment samples (Figure 2.3f), PE was found with the 

largest portion of the detected plastic polymers (42%), and then followed by polyvinyl 

chloride (PVC, 16.0%), PP (15.5%) and PS (14.5%). As PVC has a relatively higher 

density (1.14 - 1.56 g·cm-3) than the other major types of microplastics observed in this 

chapter, it is reasonable that a higher proportion of PVC was found in the sediments 

comparing to those in water. PE and PP were still commonly found in the sediments 

even with lower densities than water, which may be caused by the ingestion-excretion 

or biofouling effects.105,106 The PS can be classified as foam and fragment shapes. The 

PS foams have a lower density (0.015 - 0.035 g·cm-3) which are likely to be suspended 



-40- 

in water, while PS fragments with a higher density (1.06 g·cm-3) prefer to sink into the 

sediments.103,107,108 Therefore, the PS microplastics were observed with relatively large 

proportions in both water and sediment samples of this chapter. Besides the major 

components above, Figures 2.3 (e&f) also show the existence of polyamide (PA), 

polyethylene terephthalate (PET), polyvinyl alcohol (PVA), polyurethane (PU), 

acrylonitrile butadiene styrene (ABS), and stearates. PA (0.5% in both water and 

sediments) and PET (1.0% in water and 3.0% in sediments) in the state of fiber are 

widely utilized in monofilament in fishing line or cloth, implying an urban source of 

the polymers. PVA (0.5% in water and 1.0% in sediments) and PU (0.5% in water and 

1.5% in sediments) are often regarded as effective additives and adhesives, indicating 

the industrial sources surrounded Maozhou River. ABS is a recyclable material 

synthesized from acrylonitrile, butadiene, and styrene, and its presence also indicates 

the potential polymers contribution from the surrounding plastic factories. In addition, 

stearate (including calcium stearate CaSt2 and ZnSt2) were found with the percentage 

of 2.0% and 3.5% in microplastics detected in water and sediments, respectively 

(Figures 2.3(e&f), and Figure 2.4). Stearate is a commercially available stabilizer and 

often used to increase the lubricity and transparency of the plastics,109 which confirmed 

that industrial sources play a great role in contributing to the abundance of the 

microplastics in the Maozhou River. 
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Figure 2.3 Microplastics (a), (b) colors, (c), (d) shapes and (e), (f) types in the water 

column and sediments of the Maozhou River. (a) & (b) exhibit transparent as the most 

prevalent color in both water and sediment samples, constituting 42% and 38% of 

microplastics, respectively. (c) and (d) show that fragments (81.9% in water and 89.4% 

in sediments) occupy the largest proportion of microplastics. (e) & (f) illustrate PE as 

the most common microplastic types, accounting for 45% and 42% in the water and 

sediments, respectively. 
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Figure 2.4 The types of microplastics in the Maozhou River (a) spectrums and (b) 

images of the predominant microplastics identified by μ-FT-IR and microscopy, 

respectively. 
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Figure 2.5 Spectra of different microplastic types detected in the Maozhou River. 

Polyethylene (PE), polystyrene (PS), polypropylene (PP) and Polyvinyl chloride (PVC) 

were detected as the major polymer materials. The other types mainly include 

polyamide (PA), polyethylene terephthalate (PET), polyvinyl alcohol (PVA), 

polyurethane (PU), acrylonitrile butadiene styrene (ABS), and stearates. 

 

2.3.3 Morphological characteristics of microplastics 

The surface texture of microplastics is a supportive certification for the weathering 

degree of the microplastic samples. Therefore, SEM coupled with EDS was applied in 

this chapter to observe the surface morphology and elemental distribution of the 
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detected microplastics. From the images illustrated in Figures 2.6(a - e), the surface was 

unregulated and rough for most of the microplastic samples. Figures 2.6a&b show 

obvious fractures on the surface of the transparent PE fragments and white PS foams, 

while Figures 2.6(c&d) exhibit apparent pits and hollows on the PP and PVC fragments. 

The images from Figure 2.6a to Figure 2.6d illustrate that the microplastics have 

undergone weathering processes like photodegradation, prolonged mechanical abrasion, 

and biological effects during their transportation in the Maozhou River. In contrast, a 

relatively smooth surface was observed for the grayish-white microfiber in Figure 2.6e, 

suggesting that the fiber may not be experienced tough weathering processes or the 

surface morphology was not easily affected by the environmental weathering. 

The deficiencies in microplastics can further enhance the surface roughness and then 

speed up the formation of microbial colonization.110 With the increase in attachment 

processes, the interior structure of the microplastics will become more vulnerable and 

easier to be eroded by the microorganisms. Therefore, the processes of decomposition, 

embrittlement, and disintegration will be accelerated over time.110 Meanwhile, with the 

specific surface area enlargement of the microplastics, other environmental components 

will be accumulated from the surrounding environments on the microplastics,16 which 

can be further reflected from the elemental analysis in Figure 2.6. Aluminum (Al), iron 

(Fe), silicon (Si), calcium (Ca), and potassium (K), as common elements contained in 

aquantic environment, were clearly detected on the surface of the microplastics. 

Moreover, heavy metal pollution has been reported as one of the critical environmental 
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issues of the Maozhou River,111 which can explain the existence of some heavy metals 

like titanium (Ti), lead (Pb), and zinc (Zn) on the sample surface. By attaching on the 

surface of the microplastics, the chemicals would be transferred and accumulated in the 

biotics by the ingestion of the microplastics, posing subsequent health risks.112 In 

addition, a correlation analysis was conducted and the results in Table 2.3 and Figure 

2.7 showed a positive relationship between the abundance of microplastics and the 

concentrations of some metal elements in water environments. In particular, the amount 

of PP microplastics has a positive relationship with most of the tested chemicals, such 

as Al, chromium (Cr), nickel (Ni), copper (Cu), cadmium (Cd), Pb and stearate. The 

results indicate that the microplastics may interact with the chemicals in the aquatic 

environment, through processes like adhesion, adsorption, or release. However, more 

studies are still required for a further and intensive exploration of the relationship 

between the microplastics and chemicals in the environment. 
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Figure 2.6 Surface morphology of some selected microplastics from the sediments 

detected by scanning electron microscope (SEM), and the obtained elemental 

compositions by the energy dispersive spectrometry (EDS). 
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Table 2.3 Results of correlation analysis between the microplastic abundance and surface water characteristics (pH, temperature, metal and 

stearate concentrations) of the Maozhou River 

 PS PP PVC MPs pH Temp Al Cr Mn Fe Ni Co Cu Zn Cd Pb Stearate 

PE 
Pearson’s R .903** .540* .928** .997** -.013 -.192 .334 .340 -.271 .110 .500* .560* .342 .081 .403 .010 .497* 

p value .000 .025 .000 .000 .960 .461 .191 .181 .293 .675 .041 .019 .180 .759 .109 .969 .042 

PS 

Pearson’s R  .251 .875** .918** .039 -.040 .130 .077 -.263 -.067 .270 .440 .011 -.067 .193 -.246 .394 

p value  .332 .000 .000 .882 .880 .620 .769 .307 .798 .294 .077 .968 .797 .459 .342 .117 

PP 

Pearson’s R   .340 .521* -.041 -.410 .567* .746** -.175 .414 .692** .462 .739** .010 .484* .579* .098 

p value   .182 .032 .877 .102 .018 .001 .501 .098 .002 .062 .001 .969 .049 .015 .709 

PVC 

Pearson’s R    .935** -.145 -.041 .350 .188 -.175 .131 .356 .541* .231 .030 .348 -.006 .643** 

p value    .000 .579 .875 .169 .469 .501 .616 .161 .025 .373 .908 .171 .981 .005 

MPs 

Pearson’s R     -.011 -.181 .346 .337 -.272 .124 .489* .568* .334 .071 .401 .006 .501* 

p value     .967 .487 .173 .186 .291 .637 .046 .017 .191 .786 .110 .981 .040 

pH 

Pearson’s R      -.056 .008 .019 -.100 -.033 -.091 -.132 -.090 -.076 .076 .001 -.314 

p value      .830 .977 .943 .701 .900 .729 .613 .732 .773 .772 .996 .220 

Temp Pearson’s R       -.119 -.251 -.192 -.226 -.175 -.118 -.088 -.103 -.116 -.141 .146 
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 PS PP PVC MPs pH Temp Al Cr Mn Fe Ni Co Cu Zn Cd Pb Stearate  

p value       .648 .332 .461 .382 .502 .652 .738 .693 .659 .590 .577 

Al 

Pearson’s R        .812** .074 .894** .676** .612** .714** .347 .796** .837** .173 

p value        .000 .778 .000 .003 .009 .001 .173 .000 .000 .507 

Cr 

Pearson’s R         -.102 .791** .908** .664** .775** .379 .857** .712** -.001 

p value         .697 .000 .000 .004 .000 .133 .000 .001 .996 

Mn 

Pearson’s R          .310 -.137 -.133 -.006 .292 -.186 .333 -.010 

p value          .226 .600 .611 .982 .255 .474 .192 .969 

Fe 

Pearson’s R           .641** .530* .610** .470 .792** .791** .092 

p value           .006 .029 .009 .057 .000 .000 .724 

Ni 

Pearson’s R            .859** .700** .370 .836** .487* .109 

p value            .000 .002 .143 .000 .047 .677 

Co 

Pearson’s R             .458 .181 .716** .293 .218 

p value             .065 .486 .001 .253 .401 

Cu 

Pearson’s R              .342 .603* .693** .130 

p value              .179 .010 .002 .618 

Zn Pearson’s R               .526* .289 .221 
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 PS PP PVC MPs pH Temp Al Cr Mn Fe Ni Co Cu Zn Cd Pb Stearate 

p value               .030 .260 .393 

Cd 

Pearson’s R                .515* .221 

p value                .034 .393 

Pb 

Pearson’s R                 .014 

p value                 .957 

**. p value < 0.01 means significantly correlated with Pearson; *. p value < 0.05 means correlated with Pearson. 
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Figure 2.7 Heat map of the correlation analysis between the microplastics abundance 

and surface water characteristics (pH, temperature, metal and stearate concentrations) 

of the Maozhou River. 

 

2.3.4 Comparison of microplastic occurrence in inland waters of China 

Many researches in China have addressed the serious microplastic pollution in inland 

freshwater systems, such as Yangtze River,88,113 Wei River,80 Pearl River,16 Poyang 

Lake,89 Dongting lake,90 Taihu Lake,114 etc. Due to the lack of unified sampling 

procedures and identification methods might result in various and incomparable 

results,104 the results in this chapter were only compared with those reported for Chinese 

inland freshwater with similar procedures and expressive units, with the important 

information summarized in Table 2.3 and Figure 2.7. The microplastic abundance of 

the surface water of Maozhou River ranges from 4.0 ± 1.0 to 25.5 ± 3.5 items·L-1 in the 
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dry season and 3.5 ± 1.0 - 10.5 ± 2.5 items·L-1 in the wet season, respectively, which 

exhibits the similar order of magnitude in comparison with the amount of detected 

microplastics in Yangtze River (4.1 ± 2.5 items·L-1)88,113 and Wei River (3.67 - 10.7 

items·L-1).80 But when compared with lakes, the pollution level of microplastics in 

Maozhou River is relatively higher than that of Dongting Lake (0.9 - 2.8 items·L-1),90 

and is close to that of Poyang Lake (5 - 34 items·L-1)89 and Taihu Lake (3.4 - 25.8 

items·L-1).114 

Sediments are usually considered to be the final destination of contaminants in the 

aquatic environment.115 Some buoyant microplastics would also eventually deposit into 

the sediments, causing accumulation of the microplastics. Therefore, the abundance of 

microplastics in the sediments, especially in dry season, has a strong correlation with 

the data in water systems at each sampling site (Table 2.3 and Figure 2.7). Moreover, 

the abundance of microplastics detected in our chapter is within the range of 35 ± 15 - 

560 ± 70 items·kg-1 in dry season and 25 ± 5 - 360 ± 80 items·kg-1 in wet season, which 

is higher than that observed in the sediments of Taihu Lake (11 - 234.6 items·kg-1) but 

lower than Wei River (360 - 1320 items·kg-1). The discrepancies can be caused by the 

variation in topography and precipitation, the agriculture development level, the degree 

of fishery industry, and the situation of waste management. 

Although the abundance of microplastics varies significantly among different inland 

waters of China (water: 0.9 - 53.3 items·L-1; sediments: 25 - 1320 items·kg-1), the size 

of the microplastics is always distributed in the range of 0.1 - 1 mm (MMP) with the 
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highest proportion compared to the other size ranges.80,88-90,113,114 MMPs are mainly 

generated by environmental aging on large plastic debris due to photochemical and 

biological processes. Besides that, the effluent of WWTPs has also been considered as 

another critical source of the MMPs.117 MMPs may pose a serious threat to the 

organisms, not only due to pollutants adsorption as a result of relatively large surface 

areas,117 but also because of the migration by changes in hydrological conditions.118 

Moreover, higher toxicity may be possessed by the microplastics with smaller sizes 

(LMPs).117 The MMPs currently with the highest percentage may continue to be 

fragmented81 and further contribute to the enlargement of SMPs’ amount, rising the 

health risks of the microplastics in the natural environment. Furthermore, the shape and 

type distribution of the detected microplastics in our chapter is quite different from the 

results from most of other studies in both water and sediment samples. In this chapter, 

the fragments are most frequently found but fiber is the largest contributor of the 

microplastics detected in other previous studies.80,88-90,113,114 Fragments, consisting of 

PE, PP, and PS, are mainly originated from cosmetic products, the surrounding 

industries, or the degradation of macro- or meso-plastics.118 Thus, the wide occurrences 

of PE, PP, and PS indicate that the packing industry might be a critical source of these 

microplastics in Maozhou River.104 On the contrary, fiber plastics, mainly composited 

by rayon, cellophane or polyamide (nylon), are more likely related to the fishery 

activities,119 which are rarely conducted along the Maozhou River. Thus, the plastic 

manufactories and the cosmetics usage by humans, other than the aquaculture activities, 
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are more responsible for the higher percentage of fragments in both water and sediments 

of the Maozhou River. The results are consistent with the previous study on Pearl 

River,16 showing that granules (include fragment) were most commonly found and 

fibers took the least proportion. As Maozhou River finally feeds into the estuary of the 

Pearl River,16,93 it is reasonable that similar shape distribution was reported in both 

studies.  

 

2.4 Chapter summary 

In this chapter, the spatial-temporal distribution of microplastics was investigated in 

surface water and sediment of the Maozhou River, as a representative region of 

intensive urbanization within the Guangdong-Hong Kong-Macao Greater Bay Area. 

The sizes of the microplastics were found to be mainly within the scale of 0.1 - 1 mm, 

occupying 47.1 - 75.0% of the total amount of the detected microplastics. The 

transparent was observed as the commonest color, accounting for 42% and 38% of the 

detected microplastics in water and sediments, respectively. Fragment was found as the 

predominant shape, with PE (water: 45.0%, sediments: 42.0%), PP (water and 

sediments: 12.5%), PS (water: 34.5%; sediments 14.5%) and PVC (water: 2.0%; 

sediments: 15%) as major compositions. SEM coupled with EDS results shows that the 

surface of the microplastics was unregulated and rough, attached with major elements 

(Al, Si, Ca, Na) and trace metals (Pb, Zn) in the river system. Moreover, a positive 
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relationship was observed between the abundance of microplastics and the 

concentrations of some metal elements in water environments. Therefore, the 

microplastics may interact with the components in the aquatic environment during the 

weathering processes. After a comprehensive comparison with the level of 

microplastics pollution in large water bodies of China, the Maozhou River was 

considered to be seriously contaminated with microplastics (water: 4 ± 1 to 25.5 ± 3.5 

items·L-1 in dry season and 3.5 ± 1.0 to 10.5 ± 2.5 items·L-1 in wet season; sediments: 

35 ± 15 to 560 ± 70 items·kg-1 in dry season and 25 ± 5 to 360 ± 80 items·kg-1 in dry 

season). Although some microplastics with the size smaller thatn 0.45μm might be 

ignored which can cause a certain underestimation of the microplastics distribution in 

Maozhou River, this work is also of significant importance by providing baseline 

information and database on the microplastics pollution in the waters of GBA, and will 

shed light on the land-based input of microplastics from the intensively affected inland 

waters. 
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Chapter 3    Determination of Environmental Micro-

(Nano-)plastics by Matrix-Assisted Laser Desorption/Ionization-

Time of Flight Mass Spectrometry (MALDI-TOF MS)  

3.1 Introduction 

The current period of human history is considered as the plastics age with over 335 

million tons of plastics produced worldwide in 2017.120 However, after usage, around 

10% of the plastics ultimately persist in the solid waste stream,88,121 which are 

consequently degraded and fragmented into microplastics (< 5 mm) or even 

nanoplastics (< 1 μm).82 Currently, micro-(nano-)plastics (MNPs) are regards as the 

newly emerging contaminants, not only due to their physical hazards but also because 

of the interactions with other pollutants in the environment.4,81 Through trophic transfer 

effects, MNPs can accumulate in the organisms from different trophic levels and cause 

serious impacts on the entire food web. Laboratory studies have reported the ingestion 

of MNPs by organisms could evoke biological responses, including the reduction in 

feeding activity,122 depletion of energy reserves,78,123 and even mortality of exposed 

individuals.124 Therefore, it is of high priority to measure the presence of the MNPs in 

environmental or biological samples. However, obstacles, like various types and 

unknown aging processes of the MNPs, could further hinder the accuracy of MNPs 

investigation in the ecosystem.125 

Seeking for accessible and standardized analytical methods has always been attempted 

by researchers to accurately detect the MNPs in the environment.39,126 As seen in Table 
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3.1, spectroscopic methods like Fourier transformed infrared spectroscopy (FT-IR)126 

and Raman spectroscopy127 are both widely used by most of them. Spectroscopic 

methods are suitable for the identification of MNPs according to the polymer specific 

absorption band caused by the characteristic functional groups.1,127 Once coupled with 

a micro-imaging system (μ-FT-IR, μ-Raman), the detection limit can reach a low scope 

of ~1 μm.1 The hyphenated techniques above have been recommended by the European 

Union expert group on marine litter for microplastics analysis.128-130 However, such 

spectroscopic techniques can only provide information like size, shape, and number per 

kilograms, which are not the common metrological parameters preferred by the 

researchers (e.g. mg·kg-1).130 The main disadvantage of FT-IR and μ-FT-IR is that the 

particles have to be distinguished one by one which is very time-consuming. Raman 

results can be affected by additives such as the pigments on the MNPs surfaces.131 

Additionally, the filler components, such as the carbon black in the tire wear fragments 

may absorb near-complete IR light or laser energy, causing strong fluorescence 

interference.132 Thermal extraction desorption (TED) or pyrolysis (Pyr) connected with 

gas phase-mass spectrometry (GC-MS) have also been proposed as alternative methods 

for detecting the MPs in the environmental medium. It has been documented that the 

TED-GC-MS method can be applied to identify the major MPs, such as polypropylene 

(PP), polyethylene (PE), and polystyrene (PS) from the terrestrial (biogas plant) and 

aquatic (rivers) systems.133,134 Pyr-GC-MS is another thermal analysis approach, which 

can discover the MPs types via their thermal decomposition products.135 In contrast to 
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the spectroscopic techniques, thermoanalytical analysis allows the analysis of whole 

MP particles without the interference by additives. However, some researchers stated 

that this method is hardly feasible for MPs smaller than 100µm in terms of handling.1 

Once the plastics lower than 1 µm, referred to nanoplastics (NPs) by authors, are hardly 

identified by the thermal analysis.133 Furthermore, thermal analysis methods are 

difficult to quantify the microplastics in the complicated environmental samples.134,135 

Therefore, more efforts should be paid on other feasible methods to make up the 

shortcomings of current technologies for MNPs detection especially in the 

environmental and biological samples.136  

 

Table 3.1 Advantages and limitations of the methods used for identifying MPs 

Techniques Advantages Disadvantages 

Spectroscopy identifies the polymer 

type; relative large range 

(> 1 or 2μm); 

Expensive; tedious work; 

and time-consuming 

SEM/TEM+EDS Large-ranged; High 

resolution; 

No types information; 

Pyr/TED-GC-MS Little sample preparation; 

Higher sample mass 

LOD dependent on 

polymer type; 

 

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-

TOF MS) is a powerful identification technique for ionization and detection of the intact 

molecules with high molecular weight.137 It consists of three essential components: 

ionization, time of flight phase (separation) and detection.138 The samples are pipetted 
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onto a stainless-steel sample plate and then vaporized and ionized in the ionization 

components, and then the charged analytes will be separated under different voltages 

and detected in mass spectrometry on the basis of mass to charge ratio (m/z). With 

advantages like a simple operation, high sensitivity, high throughput analysis, and 

reliable results,139 the MALDI-TOF MS has attracted increasing attention in 

identification, quantification as well as the distribution of the emerging pollutants in 

environmental and biological samples.140-142 By using this technique, Yang et al. 

examined the ecotoxicity of the perfluorooctanesulfonic acid in mouse kidney 

tissues,140 while Payne and Grayson determined the pure and synthetic polymers with 

a wide range of molecules.141 As MNPs are mainly composed of various polymers,142 

it is hypothesized that the MALDI-TOF MS technique can be employed for the 

detection of the MNPs and their transformations (aged MNPs). Once the polymers were 

soft ionized and carried by the vaporized matrix after absorbing the laser energy, they 

would enter the TOF and be separated according to m/z. Finally, the MS results could 

be obtained for further analysis, including the repeat unit mass, end groups, and the 

molecular formula, which are the most critical information for the identification of 

MNPs especially after aging or degradation processes. PS and polyethylene 

terephthalate (PET), accounting for approximately 90% of the total plastic demand, 

were reported with wide occurrence in the environment.143,144 Besides, PET has been 

extensively used for food packaging which may be directly swallowed by human 

beings.86 PS has always been used as a representative plastic type to examine the impact 
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of MNPs on organisms.76,77,144 Therefore, PS and PET were selected as representative 

models in this study to develop a novel approach for the identification/quantification of 

MNPs via the application of MALDI-TOF MS.  

Through this chapter, the optimum conditions for PS and PET identification will be 

proposed, while the relationship between the signal-to-noise ratio (S/N) and the MNPs 

content will be elucidated under the optimal conditions. Furthermore, the quantification 

method will be further verified and applied for the analysis of plastic samples used or 

dropped in the environment, like the aviation plastic cup debris and the MNPs extracted 

from river sediments. To the best of our knowledge, this chapter is the first attempt to 

propose a quantification method with the employment of MALDI-TOF MS for the 

MNPs analysis in environmental samples. This work can not only supply an effective 

and accurate technique for both the identification and quantification of MNPs but also 

inspire future studies on the in-situ distributions and alterations of the MNPs in 

environmental and biological samples. 

 

3.2 Materials and methods 

3.2.1 Raw materials and reagents 

Low-molecular-weight PS (LM-PS) (~500 g·mol-1) was synthesized by styrene (A.R. 

grade, St. Louis, MO, USA) according to the previously reported method.139 The 

particle size of LM-PS ranges between 200nm and 400nm. High-molecular-weight PS 

(HM-PS: ~13000 g·mol-1) and two PET (LM-PET: ~800 g·mol-1; HM-PET: ~6280 
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g·mol-1) were obtained from Fluka (Buchs SG, Switzerland), with their expected 

structures shown in Figure 3.1. MALDI matrices 1,8,9-anthracenetriol (dithranol, DIT), 

2-(4-hydroxyphenylazo) benzoic acid (HABA), trans-3-indoleacrylic acid (IAA), 2,5-

dihydroxybenzoic acid (DHB), and Sinapic acid (SA) were acquired from Sigma-

Aldrich (St. Louis, MO, USA), as shown in Figure 3.1. Silver trifluoroacetate (AgTFA), 

sodium trifluoroacetate (NaTFA) and potassium trifluoroacetate (KTFA) from Sigma-

Aldrich were applied as cationization agents. Tetrahydrofuran (THF, Sigma-Aldrich) 

was used as a solvent.  

 

 

Figure 3.1 Structures of analytes, matrices, cationization agents and solvent  
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3.2.2 Sample preparation for MALDI-TOF MS instrumentation 

Four polymer solutions were prepared in THF at concentrations of 0.5 mg·mL-1. The 

matrix and cationization agents were also dissolved in THF at concentrations of 10 

mg·mL-1. The fresh cationization agents were preserved in the dark place in case of 

decomposition. Each polymer solution was mixed with the matrix and cationization 

agent by Vortex Genie (Scientific Industries, USA) for 10 seconds. Each aliquot (0.5 

μL) was pipetted onto a stainless-steel sample plate and then crystallized at ambient 

conditions before spectral acquisition by MALDI-TOF MS measurements. The sample 

plate was then submitted to the rapifleX MALDI mass spectrometer device (Bruker 

Doltonics, Germany), equipped with a smartbeam 3D laser at a repetition rate of up to 

10 kHz. A 337 nm output from a nitrogen laser (MNL100, Lasertechnik Berlin, 

Germany) was used as the light source, with the accelerate voltage of 19kV, reflection 

voltage of 21 kV, and delayed extraction voltage of 18.56 kV, respectively. The 

Reflection and linear mode were applied for the LM- and HM- polymers, respectively. 

FlexControl (Bruker Doltonics, Germany) software was used for data acquisition.  

 

3.2.3 Quantification protocol building 

After the optimal experimental conditions were obtained, the quantification process 

was conducted following the reported procedure,139 with a brief description as below. 

All analytes were dissolved in THF at concentrations of 0.5, 1, 2, 5, 10, and 20 mg·mL−1. 
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DIT and AgTFA were selected as matrix and cationization reagent respectively, and the 

LM- and HM-groups were prepared with the volume ratio of matrix: analytes: 

cationization agent (MAC ratio) of 20:4:5 and 20:2:5, respectively. The internal 

standard method was applied for LM-groups, while both external and internal standard 

methods were applied for HM-groups. For the LM-groups, the peaks of the matrix were 

selected as the internal standard for polymer quantification. For the HM-groups, the 

LM-PS (0.5 μL, MAC ratio = 20:2:5) was used as the internal standard for the 

quantitative analysis of HM-polymers in a complicated system. In addition, the method 

validation was described in Section 3.2.5 and 3.2.6. 

 

3.2.4 Environmental sample preparation and determination 

Two environmental samples were further adopted in this study for identification and 

quantification by using MALDI-TOF MS technique. The first one is a sanitary plastic 

cup collected from plastic manufacture cooperation in Guangzhou, China, and the cups 

were crushed into fine powders (10mg, d50=0.525μm) in liquid nitrogen by grinder 

(Retch Inc., German) and the powder was dissolved in THF (1mL) for further 

measurement. Another environmental sample is the MNPs extracted from the 

sediments after soaking in the saturated zinc chloride (ZnCl2, ρ≈1.8gcm-3) solutions 

for 4 h. PS and PET MPs (~0.5mm) were selected from the 1.0μm GF/C glass 

microfilters, and oven-dried for 8h at 60℃. NPs (< 1.0μm)in the filtrate were cleaned 

by 30% H2O2 and freeze-dried. Then the MPs and NPs were reconstituted together in 
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1mL of THF. Each polymer solution were mixed with the matrix (10mg·mL-1) and the 

cationization agents (10mg·mL-1) at a certain volume ratio (LM-polymer: MAC=20:4:5; 

HM-polymer: MAC=20:2:5), then 0.5μL of the mixture was measured by MALDI-TOF 

MS under optimal conditions. Procedures for sample pretreatment and quality control 

were also described with details in Section 3.2.6. The spectroscopic methods were also 

performed to verify the accuracy and precision of the quantification results obtained 

from MALDI-TOF MS for the environmental samples. 

3.2.5 Accuracy verification of the measurements 

The accuracy of the method was validated with the recovery and relative standard 

deviation (RSD), which could be obtained by the following equations: 

/ 100%total pre designRecovery Polymer Polymer                        (Equation 3.1) 

 ( - ) / 100%pre design total pre designRSD Polymer Polymer Polymer           (Equation 3.2) 

Where Polymertotal is the detected results obtained from the quantification curve, the 

concentration of PS, Polymerpre-design represents the practical amount of the polymers 

sampled by weighting. The relative standard deviation (RSD) less than 25% can be 

regarded as a promising result. 126,145,146 

 

3.2.6 Quality assurance and quality control 

Based on previous studies,81 various quality assurance and control procedures of 

environmental samples were implemented strictly throughout this study. The 

pretreatment of the aviation cups was conducted by washing three times via DI water 
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and being oven-dried for 8 h at 60 ℃. For the sediments, all containers and instruments 

were cleaned three times with 18.2 MΩ deionized (DI) water (Millipore Co., U.S.A) 

before sampling. During the preparation of the two samples, a clean glass culture dish 

with a glass fiber membrane inside was used to collect airborne microplastics. All 

sediment samples were covered with aluminum foil after the sorting processes. Non-

textile lab coats, masks, and nitrile gloves were worn in case of plastic contamination 

during the whole period of sample collection, extraction and identification. Procedural 

blanks with three replicates were conducted simultaneously to cross-check the ambient 

contamination. The blank test results showed no microplastics observed, confirming 

that the lab environment is suitable for performing microplastic experiments. 

 

3.3 Results and discussion 

3.3.1 Accuracy verification of the measurements 

Reproducibility is an important parameter to verify the accuracy of the measurements. 

Thus, the reproducibility of the normalized polymer signal intensities (Pnormalization) was 

investigated by using multiple replicates under the optimum conditions (Table 3.2).  

 

Table 3.2 A summary of factors for experimental design with different levels 

Factor Number of level Level 

Laser 3 60% 70% 80% 

Matrix 3 SA DIT IAA 
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Cationization agent 3 Na-TFA Ag-TFA K-TFA 

MAC 3 20:8:5 20:4:5 20:2:5 

 

In detail, a single set of PS and PET standards (0.5, 1, 2, 5, 10, and 20mg·mL−1) were 

mixed with 3 different AgTFA and DIT at the same concentration of 10 mg·mL−1. The 

results showed that the slopes of the linear regression of the 3 replicates were similar 

and ranged from 7.26 to 7.32 for PS and 3.69 to 3.99 for PET. The variation of 

Pnormalization was similar to the RSD of 0.8% for PS and of 7.5 % for PET, respectively 

(Table 3.3). Moreover, the regressions were consistent with R2 > 0.98. Thus, the 

reproducibility of the Pnormalization and ln [polymer concentration] indicates that the 

method could be applied to quantify the PS and PET samples. 

 

Table 3.3 Figures of merit for the measurement of PS and PET MNPs by MALDI-

TOF MS 

 LOD 

(ng) 

LOQ 

(ng) 

RSD 

(%) 

Recovery 

(%) 

Linear regressions 

equations 

R2 

LM-PS 1.8 6.0 0.8 88.2 ± 7.7 y=7.328x + 5.760 0.963 

LM-PET 5.2 17.3 7.5 78.9 ± 8.5 y=3.690x + 6.185 0.986 

HM-PS 2.0 18.1 0.8 91.3 ± 8.0 y=2.468x + 4.502 0.987 

HM-PET 6.7 60.0 7.5 83.8 ± 4.4 y=6.653x + 11.632 0.982 
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3.3.2 Limit of detections (LODs) and limit of quantifications (LOQs) measurements 

The instrumental LODs and LOQs for the PS and PET polymers were determined with 

3 and 10 times of signal/noise (S/N), respectively.133,134 The instrumental LODs were 

0.02 μg for PS and 1.8 μg for PET polymers, respectively. Moreover, the LOQs of the 

PS and PET was 1.155 μg and 5.805 μg, respectively. The obtained data indicated that 

MALDI-TOF MS method might give much lower instrumental LODs and LOQs of the 

MNPs than that thermal extraction desorption (TED) or pyrolysis (Pyr) connected with 

gas phase-mass spectrometry (GC-MS).133,134 

3.3.3 Optimization of instrumentation and sample preparation 

Design-Expert (DoE, Stat-Ease, USA), a powerful multifactor testing software, can 

remarkably accelerate the scientific research process by discovering the optimum 

experimental conditions.76,137 It is capable of reflecting on how the response variables 

were influenced by factors individually or jointly. S/N was often regarded as a suitable 

response variable,138 and a factorial design (Table 3.1) was performed for pursuing the 

S/N with good quality by selecting representative factors like instrumental parameters 

and sample preparation conditions.137 Instrumental parameters mainly include the laser 

energy, delay time, extraction voltage, and Einzel lens voltage, while sample 

preparation usually refers to the matrix type (M), analyte concentration (A), the 

cationization agent (C) and the MAC ratios.137,146 Laser energy (LE) is a critical factor 

that determines the number of samples being desorbed and cationized, but excessive 

energy can burn the sample mixture and therefore reduce the appearance of high 
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intensity peaks.147 In this case, a scale of laser energy (60%, 70%, 80%) was optimized 

for each run of sample detection. Sample preparation conditions usually refer to the M, 

A, C and MAC ratios.148 The matrix can transfer the absorbed laser energy to the analyte, 

and thus, the selection of the matrix is important to obtain the mass spectra successfully 

in the MALDI measurements. Moreover, the cationization agent is also essential for 

polymer analysis because it can enhance the ability of the polymer protonation.149 Once 

the matrix and cationization agents were confirmed, MAC ratios must be carefully 

optimized to ensure a high value of S/N. In this study, the SA, DIT, and IAA were 

selected as matrix types, and the cationization agents were Na-TFA, Ag-TFA and K-

TFA. In summary, four key factors (LE, M, C, and MAC ratios) with three different 

levels were taken into account in the design of the DoE.  

Table 3.4 summarized the criteria of response surface analysis for the LM- and HM- 

polymers, respectively. The significant factors and interactions were taken into 

consideration after removing those insignificant factors or interactions (p values > 0.05). 

For both LM- and HM-polymers, the p values of the “model” are lower than the 

confidence value (0.05), indicating that the model terms are significant and the results 

are reliable. Meanwhile, the P-values of “Lack of fit” are above 0.05, implying that the 

“Lack of fit” is not significant relative to the pure error. The adjusted R2 values were 

evaluated as 0.91 and 0.90 for LM- and HM-polymers, respectively, which suggests 

that more than 90% of the response variables results within the scale of the experiment 

design can be explained by the stimulated model. “Adeq Precision” values of the two 
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groups are both greater than 4, indicating that a good fitting accuracy was observed in 

the response surface model. Therefore, based on the modeling results above, the 

suitability can be confirmed by applying the response surface model for further analysis, 

including the influenced ability by each factor and the optimal measuring conditions. 

According to Table 3.4, the quality of the S/N was mainly affected by LE, M, C and 

MAC ratio. F-values of each factor suggested that the consequent influence on the S/N 

can be ordered as MAC ratio/C > M > LE. Besides, other typical parameters with P-

values < 0.05 can also be considered as significant model terms, such as the interacted 

LE + M, M + C. Furthermore, a 3D response surface analysis (Figure 3.2) for each 

group was applied to obtain the optimal conditions for the measurement of both LM- 

and HM-polymers. From the figure, the central red points represent the highest S/N 

ratio, and the corresponding variables can be identified as the optimal conditions. In 

summary, the optimal conditions for LM-polymer are: laser energy at 70%, matrix as 

DIT, cationization agent as AgTFA, and MAC ratio at 20:4:5, while those for HM-

polymer are 70%, DIT, AgTFA and 20:2:5, respectively. 
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Table 3.4 Surface response analysis of the low-molecular-weight (LM)- and high-molecular-weight (HM)- polymers 

 LM-Polymer HM-Polymer 

Source 
Sum of 

Squares 

Mean 

Square 
F-value P-value 

Sum of 

Squares 

Mean 

Square 
F-value P-value 

Reduced Quadratic Model 1.73E + 06 2.16E + 05 22.63  < 0.0001 17860.79 2232.60 20.02  < 0.0001 

Factors& 

Laser energy (LE) 32970.08 32970.08 3.46 0.078 480.07 480.07 4.31 0.051 

Matrix type (M) 76320.75 76320.75 8.00 0.010 670.51 670.51 6.01 0.024 

Cationization agent 

(C) 
3.95E + 05 3.95E + 05 41.37  < 0.0001 3766.56 3766.56 33.78  < 0.0001 

MAC ratios 3.88E + 05 3.88E + 05 40.69  < 0.0001 3880.80 3880.80 34.80  < 0.0001 

LE&M 6.25E + 05 6.25E + 05 11.23 0.023 1906.10 1906.10 11.25 0.004 

M&C 87912.25 87912.25 9.22 0.007 1200.62 1200.62 10.77 0.004 

LE² 2.97E + 05 2.97E + 05 31.16  < 0.0001 3466.39 3466.39 31.09  < 0.0001 

M² 3.76E + 05 3.76E + 05 39.43  < 0.0001 3778.53 3778.53 33.89  < 0.0001 

C² 56839.32 56839.32 5.96 0.024 516.57 516.57 4.63 0.04 

Residual¶ 1.91E + 05 9538.59   2230.04 111.50   

Lack of Fit 1.54E + 05 9614.92 1.04 0.54 1783.39 111.46 0.99 0.56 
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Pure Error 36933.20 9233.30   446.65 111.66   

Corrected Total 1.92E + 06    20090.83    

 
Adj R2 * 

=0.91  

Pred R2 #  

= 0.86 

Adeq Precision + 

=17.56 

Adj R2 # 

=0.90  

Pred R2 # 

= 0.84 

Adeq Precision + 

=17.09 

Note:  & Factors refer to the matrix type (M), cationization agent (C), MAC volume ratios, LE&M, M&C, LE2, M2, C2.  

      ¶ The difference between the predicted and observed value 

       The probability that the predicted value of a model does not match the actual value 

       The amount of variation around the mean observed value  

      * or # The adjusted or predicted probability of the response variables results which can be explained by the model 

         + Indicating the fitting accuracy in the response surface model 
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Figure 3.2 3D response surface analysis for both LM- and HM-polymers. The optimal 

conditions for LM-polymer are laser energy at 70%, matrix as DIT, cationization agent 

as AgTFA, and MAC ratio at 20:4:5, while those for HM-polymer are 70%, DIT, 

AgTFA and 20:2:5, respectively.  

 

3.3.4 Identification of PS and PET MNPs 

Low-molecular-weight PS and PET MNPs: The mass spectra were obtained for LM-

PS and LM-PET microplastics under the optimized conditions described in the previous 

section. Figure 3.3 showed the reflection-mode positive-ion MALDI-TOF mass 

spectrum of the solution mixed by DIT(C14H9O3) (matrix) and AgTFA (cationization 

reagent), in which the peaks of [DIT]H+ (molecular weight of 227.0) were observed. 
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Besides the [DIT]H+ peaks, the major series of equispaced peaks of PS and PET 

polymers were detected in Figure 3.4a and Figure 3.4b, respectively. The accurate 

weight-average molecular weight (Mw), number-average molecular weight (Mn) and 

polydispersity index (PDI) were calculated as 700.2 Da, 751.1 Da and 1.07, respectively 

for the PS, while the respective values of Mw, Mn and PDI were 972.9 Da, 1068.2 Da 

and 1.09 for the PET. Further investigation showed that the mass differences between 

every adjacent peak (Figures 3.4a&b) were consistent with the molecular weight of the 

PS oligomer (104.0 Da) and PET oligomer (192.0 Da), respectively. But due to the 

existence of silver adducts (molecular weight of 108.0 Da), the molecular weight of the 

protonated PS and PET cyclic oligomers should be 104.0 60 n + 108 and 192.0 × n + 

108, respectively. Therefore, after subtracting the mass of silver adducts (108.0 Da) and 

repeat units (104.0 × n or 192.0 × n), the residual mass of PS and PET polymers were 

58.0 Da and 62.0 Da. Therefore, the end groups of PS and PET can be expressed C4H10 

and C2H6O2, respectively. Besides the major series peaks in Figures 3.4 a&b, the minor 

series of peaks with the mass difference of 104.0 Da and 192.0 Da should also be 

attributed to PS and PET polymers. For the PS polymer, the mass difference is 56.0 Da 

between the adjacent peaks of minor and major series (Figure 3.4c), which indicates 

the minor contaminant caused by ethylene during PS production. Similarly, Figure 3.4d 

showed that the mass difference between the adjacent peaks of minor and major series 

of PET was 44.0 Da, which was equal to the molecular weight of the diethylene glycol 

unit (a minor contaminant in ethylene glycol).150 The contaminants can be incorporated 



-73- 

either within the sequence of the polymer or as an end group.151,152 

 

 

Figure 3.3 Mass spectra of the solution mixed by DIT(C14H9O3) (matrix) and AgTFA 

(cationization reagent) in THF (solvent) on the reflection-mode positive-ion MALDI-

TOF MS, in which the peaks of [DIT]H+ (molecular weight of 227.0) were observed. 

 

High-molecular-weight PS and PET MPs: The mass spectrum of HM-PS and HM-

PET were obtained under similar conditions for the analysis of LM-polymers but with 

the linear positive-ion mode. For molecules with the mass larger than 2 - 10 kDa, the 

linear mode is more suitable to obtain the spectra and determine the isotopically 

averaged mass.153,154 From the spectrum in Figures 3.4e&f, the Mw, Mn and PDI were 

calculated as 10949.6 Da, 11117.1 Da and 1.02 for the HM-PS, respectively, while the 

corresponding values were 5625.4 Da, 5784.4 Da and 1.03 for the HM-PET. The lower 

PDI value than that of the LM-polymers shows the better condensation polymerization 

of the HM-PS and HM-PET.155 Figure 3.4g further displayed that only one major series 

of equispaced peaks was observed in the spectrum of HM-PS, with the expected repeat 
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unit difference of 104.0 Da. More complex spectrums with multiple clusters of peaks 

were observed for the HM-PET (Figure 3.4h), but the main series of equispaced peaks 

with the molecular mass difference of 192.0 Da indicated the oligomers mass as 

[C10H8O4]. After subtracting the mass of silver adducts and repeat units, the residual 

mass of the PS and PET polymers were 82.0 Da and 62.0 Da, suggesting that the 

chemical formulas of the main series peaks are C6H10(C8H8)n and C2H6O2(C10H8O4)n 

for the PS and PET, respectively. Moreover, minor peaks were not observed in Figure 

3.4g, which might be due to the low resolution of the linear mode and the homogenous 

crystals of the high-molecular-weight PS with the superior monodispersed property.156 

However, for high-molecular-weight PET, a broad foot of the major peaks to the right 

side or a split peak was observed in Figure 3.4h, which might be the peak series of TFA-

adduct incorporated into the PET samples.157 
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Figure 3.4 Mass spectra of (a) LM-PS and (b) LM-PET; Mass difference of adjacent 

peaks corresponding to (c) LM-PS oligomer and (d) LM-PET oligomer; Mass spectra 

of (e) HM-PS and (f) HM-PET; Mass difference of adjacent peaks corresponding to (g) 

HM-PS oligomer and (f) HM-PET oligomer. The accurate weight-average molecular 

weight (Mw), number-average molecular weight (Mn) and polydispersity index (PDI) 

were calculated with the results shown in the figure. 
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3.3.5 Quantification of PS and PET MNPs 

The quantification of PS and PET MNPs was further conducted using the internal 

standard methods widely applied by an extensive list of published works.158,159 In this 

study, the peaks of [DIT]H + (matrix) were selected as an internal standard for LM-PS 

and LM-PET.146 For the HM groups, LM-PS (0.5 μL, MAC ratio = 20:2:5) was applied 

as the internal standard due to its similar structure and characteristics with the analytes. 

The intensity of every individual peak was normalized to the intensity of the internal 

standard, according to the equation as follows: 

    
intensity

normalization

intensity

P
P

IS
                                        (Equation 3.3) 

while Pnormalization is the summation of peak intensities ratios from each normalized 

polymer (Pintensity) to the internal standard (ISintensity). The signal intensity of the internal 

standard is 227.0 (m/z) for matrix and 769.3 (m/z) for LM-PS, respectively. Therefore, 

due to the variation of Pintensity value with different analyte standard concentrations (0.5, 

1, 2, 5, 10, and 20 mg·mL−1), a calibration curve was drawn in Figure 3.5 illustrates the 

Pnormalization value versus polymer standard concentration.  

Figure 3.5a illustrates the normalized signal intensities with the variation in 

concentrations of the LM-PS and LM-PET microplastics, which shows a nearly linear 

correlation (R2 = 0.90) between the signal intensity and concentration for PS but a 

nonlinear behavior for PET. When plotted as Pnormalization versus ln[polymer 

concentration], the results in Figure 3.5b showed that the data of both polymers fit a 

logarithmic regression with acceptable coefficients of determination (R2 > 0.96). Many 
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issues may be involved in signal suppression during MALDI-TOF MS analysis, 

including matrix suppression160, instrument parameters, cationization agents, and 

polymer properties. The limited solubility of PET in THF may decrease the desorption 

efficiency when the pulsed photons strike the MALDI target plate.153 On the contrary, 

a superior monodispersed property was certified for PS spheres139 dissolved in the 

matrix, which can self-assemble to form homogenous crystals-photonic crystals. The 

homogeneity of photonic crystals can create an excellent reproducibility,146 leading to 

an acceptable correlation regression. With this character of LM-PS polymer, it can be 

applied in further quantification in HM groups, or even the environmental samples. 

Figure 3.5c demonstrated the relationship between the normalized signal intensities and 

the corresponding concentrations of the HM-polymers. The correlation coefficients 

were obtained as 0.87 for HM-PS and HM-PET, but were further increased to above 

0.98 when the data were plotted as Pnormalization versus ln[polymer concentration] (Figure 

3.5d). Thus, the reliable quantification results can be obtained by adding the internal 

stand (LM-PS) and building the relationship between signal intensities and ln[polymer 

concentration]. 
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Figure 3.5 The correlation curves (with R2 values) for the normalized signal intensities 

of the corresponding polymers versus the (a) concentration and (b) ln[polymer 

concentration] of the LM-polymers, as well as (c) concentration and (d) ln[polymer 

concentration]  of the high-molecular-weight (HM)-polymer. 

   

3.3.6 Determination of environmental micro-(nano-)plastics by MALDI-TOF MS  

As the molecular weights of environmental MNPs are unknown, both LM- and HM-

polymer measurement should be applied for the sample detection using positive 

reflection and liner mode, respectively. Figure 3.6b illustrates the mass spectrum for 
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the LM- part of the aviation cup (sample image shown in Figure 3.6a) with two matrixes 

peaks (a), five major series of equispaced peaks (b,c,d,e,f) and a few minor series. The 

peaks “a” were identified as [DIT]H + (left) and [DIT]Ag+ (right), with the molecular 

weight of 227.0 and 334.0 Da, respectively. Meanwhile, the labeled series “b” was 

found with the expected repeat unit difference of 104.0 Da, which is corresponding to 

the molecular weight of the PS oligomer. As described in the previous section, the 

residual mass of PS is 58.0 Da after subtracting the mass of silver adducts (108.0Da), 

which can be speculated to be the chemical formula of [C4H10]. Moreover, the mass 

difference for the adjacent clusters of the four major series labeled c, e, d, f was 224.0 

Da, which is consistent with the molecular weight of [C16H16O]. The potential structure 

of the [C16H16O] is shown in Figure 3.7, indicating the incorporation of oxygen within 

the sequence of the polymer. Moreover, the mass difference (14.0 Da) between the 

adjacent peak for each cluster of the four major series can be assigned to CH2 as a 

contaminant during PS synthetization. In this case, the identification of the peaks 

representatives provided the basis for a further quantification analysis of the 

environmental MNPs. For quantification analysis, the sum of intensities from two 

matrix peaks (labeled as “a” in Figure 3.6b) was regarded as the internal standard 

(ISintensity in Equation 3.1). No signal was detected for the HM part of the aviation cup 

with molecular weight above 2000. Therefore, according to the quantification curve in 

Figure 3.5b, the concentration of PS was obtained as 1.05 mg·mL-1 and the amount of 

PS for measurement was calculated as 0.072 μg with the solution volume as 0.069 μL. 
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The relative standard deviation (RSD) is less than 25% (4.1% according to Equation 

3.2), which can be regarded as a promising result.146 

Furthermore, the microplastics collected from the sediment of Maozhou River were 

further employed as representative samples for the MALDI-TOF MS analysis. For the 

LM- part of the MNPs (Figure 3.6d), The peaks can be roughly classified as 6 groups, 

including two matrics (a), PS-related (b, f, g), PET-related (h, i) and other impurity 

peaks. The peaks labeled as “a, b, f” can be assigned to [DIT]H+/[DIT]Ag+, 

[C4H10(C8H8)n]Ag+, and [C12H16(C16H16O)n]Ag+, respectively, with the detailed 

statement during the identification of the aviation cup. Another PS-related peaks series 

labeled as “g” was observed with the mass difference of 56.0 Da with the peak series 

“b”, indicating that the oligomers have the formula of [C4H8]. The peaks of “h, i” are 

related to PET, which can be considered as [C2H6O2(C10H8O4)n]Ag+ and 

[C2H6O2(C12H12O4)n]Ag+, with the possible structure illustrated in Figures 3.7h&i, 

respectively. In addition, the minor peak series can also be observed, which might be 

attributed to the residual unknown matters due to the complexity of the environmental 

samples. In contrast to the LM-part, the mass spectrum of the HM-part of the polymer 

exhibited comparatively simple characteristic peaks (Figure 3.6e). Each mass 

difference of the adjacent peaks in HM-PS was consistent with the molecular weight of 

the PS oligomer (104.0 Da), but not a certain mass difference was found in the HM-

PET part, which can be attributed to the easier weathering of PET especially the 

degradation by some enzymes or fungi.163 According to the quantification curves in 
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Figures 3.5b&d, the weight of LM-PS and LM-PET MNPs were calculated as 0.047 

and 0.024 μg, while the values for HM-PS and HM-PET are 0.005 μg and 0.077 μg, 

respectively (RSD of 23.5% according to Equation 3.2). As the PS and PET MNPs were 

extracted from 100 g of sediments (dry), the level of PS and PET in the sediment (dry) 

was calculated as 8.27 and 25.81 mg·kg-1, respectively. As the MNPs in Maozhou River 

have been reported with larger content than most of other water bodies,145 it is 

reasonable that the PET content was found to be higher than the value (10.3 mg·kg-1) 

in marine sediment reported by Wang et al. via thermal depolymerizing methods.162 
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Figure 3.6 (a) the photo and (b) MALDI-TOF MS results of the aviation cup; (c) the 

photo, the MALDI-TOF MS results of the microplastics extracted from the river 

sediments in the (d) low and (e) high m/z range. 
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Figure 3.7 Structure of (a) DIT matrices, (b, c, d, e, f, g) the PS-related MNPs, and (h, 

i) the PET-related MNPs.  

 

3.4 Chapter summary 

In this chapter, a novel method for identification and quantification of environmental 

MNPs was presented by employing MALDI-TOF MS technique. Through this method, 

the MNPs and even-aged MNPs after weathering can be detected effectively and 

accurately. Factors such as laser energy, matrix, analyte, cationization agent and their 

ratio were optimized, and then PS and PET were clearly identified by the molecular 

weight of the corresponding oligomer. Furthermore, a quantitative correlation was built 

with a correlation coefficient above 0.96 for LM-polymers and 0.98 for HM-polymers. 



-84- 

Finally, two types of environmental MNPs samples were identified and quantified, 

including the particles of an aviation cup as the fresh plastics and the aged MNPs 

extracted from river sediment. The contents of PS and PET MNPs were quantified as 

8.56 ± 0.04 and 28.71 ± 0.20 mg·kg-1, respectively, in the collected sediment. As 

MALDI-TOF MS has been widely used in the biomedical and pharmaceutical fields by 

in situ investigation on the chemical distribution in biological tissues, the further 

application of this technique can be greatly anticipated in future studies on exploring 

the ecotoxicity of MNPs and their transformation products at the molecular level 

coupled with the imaging system. The successful application of MALDI-TOF MS for 

environmental MNPs analysis in this study may provide a feasible alternative to the 

current methods for MNPs measurement and will become a milestone to attract more 

studies on exploring the mechanisms of biological inflammation and diseases caused 

by MNPs accumulation and translocation via the in situ imaging technique.  
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Chapter 4   Adsorption Mechanisms of Five Bisphenol Analogues 

on PVC Microplastics 

4.1 Introduction 

The annual global amount of discarded plastics has been reported to exceed 320 million 

tonnes currently,4 10% of which eventually reach and persist in the aquatic 

environment.5 Processes of degradation, embrittlement, and fragmentation may occur 

when the waste plastics are exposed to solar radiation (action of light), temperature 

change (oxidative breakdown at moderate temperatures), wave slap (reaction with 

water) and biological effects (generally via microbial-mediated biodegradation). Once 

the size of the plastic fragments is smaller than 5 mm in diameter through the above 

processes, they are recognized as microplastics by the National Oceanic and 

Atmospheric Administration (NOAA).6 Currently, with exponential growth in their 

amount, microplastics have become an emerging global concern, not only because of 

their physical hazards but also because of their interactions with other pollutants in the 

aquatic environment.4,12,115 Contamination can be caused by the release of additives, 

monomers and/or oligomers from microplastics,12 while microplastics also act as 

potential carriers and adsorbers to further concentrate pollutants such as heavy metals 

and hydrophobic organic contaminants (HOC).115 Moreover, microplastics together 

with adsorbed contaminants can be easily ingested by marine animals and accumulated 

in their bodies, which will have further propagated effects on the ambient ecosystem.163 

It has been reported that the hard-digestible microplastics can not only fill up an 
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animal’s stomach but also cause a false feeling of satiation, leading to the final death 

of animals.164 Moreover, the microplastics together with the adsorbed contaminants can 

give rise to inflammation, immune impairment, and mortality.165 Therefore, with such 

a powerful impact, it is of great importance to further explore interactions between the 

microplastics and other contaminants.  

PVC, one of the most commonly used plastics in the world, is more readily embrittled 

and decomposed than other plastics.3 The specific surface area (SSA) of PVC is 

enlarged due to the decline in the fragment sizes, which has been reported to enhance 

their adsorption properties for a variety of organic compounds.12 High adsorption 

coefficients were obtained by fitting the adsorption of phenanthrene on PVC plastics to 

both Linear and Freundlich models,12 which revealed the potential role of PVC plastics 

as a carrier for phenanthrene transport in the aqueous environment. Bakir et al.166 

examined the adsorption mechanisms of 4,4-DDT on PVC particles and found a high 

correlation (R2 > 0.98) to a Freundlich isotherm model. Moreover, by a linear sorption 

model, a slightly higher sorption level was found for perfluorooctanesulfonamide 

(PFOSA) on PVC microplastics in comparison with that of perfluorooctanesulfonate 

(PFOS).167 Therefore, different affinity mechanisms can be expected when the sorption 

of different types of contaminants is studied on PVC plastics. 

In addition to the adsorption properties of plastic debris, the plasticizers might be 

released during the fragmentation of plastics. Bisphenol A (BPA) is one commonly 

used plasticizer that widely detected in engineered and natural environments.168 From 
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published data, levels of BPA range from 100 to 100,000 ppb169,170 and from 0.5 to 14 

ppb171 in influent wastewater and drinking water, respectively. As a representative 

endocrine disrupting chemical (EDC), BPA has been confirmed to be associated with 

many diseases, such as obesity, cardiovascular diseases, reproductive disorders, and 

breast cancer.172-174 Therefore, bisphenol S (BPS; 4,4’-sulfonyldiphenol) and bisphenol 

F (BPF; 4,4’-dihydroxydiphenylmethane) are currently used to substitute for BPA as 

additives during the production of PVC plastics, dental sealants, epoxy resins, and 

polycarbonates.175,176 However, current studies have found similar genotoxicity and 

estrogenic activity of BPS/BPF compared to BPA177,178 and more, resistance to 

degradation when compared to BPA.179 Liao et al.180 has reported the ubiquitous 

occurrence of BPS and BPF in surface water and sediments. The mean concentrations 

of BPS and BPF in Taihu Lake were up to 1.4 × 102 and 1.2 × 102 ppb in surface water 

and 0.12 and 1.0 ppb in sediment, respectively.158 In addition to the aforementioned 

bisphenols, there are also other analogues, including bisphenol AF [BPAF; 4,4’-

(hexafluoroisopropylidene) diphenol], and bisphenol B [BPB; 2,2-bis(4-

hydroxyphenyl) butane]. Although the current data is limited about their levels in the 

environment and potential effects on the ecosystem, broad industrial utilization of those 

bisphenol analogues (such as BPAF, BPB) can be expected because of the severe 

restriction for BPA applications.178, 182-184  

The PVC microplastics will potentially adsorb bisphenol analogues including BPA and 

its substitutes (BPS, BPF, BPAF, and BPB) and cause consequential pollution to the 
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ecosystem. However, very little information has been reported until now on interactions 

between the bisphenols and PVC microplastics. Therefore, a systematic study and 

enhanced understanding of the adsorption behavior and mechanisms of bisphenols on 

PVC microplastics will be of vital importance. In this study, we investigated the 

adsorption behavior of the aforementioned 5 model bisphenols on PVC microplastics 

with respect to adsorption kinetics and isotherms. The adsorption mechanisms of the 

bisphenols on PVC microplastics were studied intensively with respect to the 

physicochemical properties and chemical groups. By exploring the adsorption 

mechanisms of bisphenol analogues on PVC microplastics, this study will contribute to 

a better understanding of the role of microplastics as both source and carrier for 

emerging organic pollutants. 

 

4.2 Material and methods 

4.2.1 Raw materials 

The PVC was purchased from Goodfellow Company (Huntington, UK) with an average 

particle size (d50) of 13.2 m, which is recognized as microplastics ( < 5 mm). The point 

of zero charge (pHpzc) for PVC microplastics was measured by a particle size analyzer 

equipped with Zetasizer Nano ZS90 (Malvern Instruments, UK). In detail, the PVC 

samples were first crushed into fine particles using a grater and then mixed with the 

solutions at various pH values. HCl and NaOH were used as pH modifiers and all tests 
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were accomplished at room temperature (25 ± 2°C). The reported values for pHpzc 

represent the mean value of five measurements.  

The SSA measurement was performed by the BET method (ASAP2000, Micromeritics, 

USA). We analyzed it based on the desorption plot of N2 adsorption-desorption 

isotherm and fitting the linear portion of BET plot to BET equation. The results showed 

that the surface area was 9.77 ± 0.28 m2·g-1.  

The BPA and its analogue (BPS, BPF, BPB, BPAF) were obtained from Sigma-Aldrich 

(St. Louis, MO), with molecular structures shown in Figure 4.1 together with PVC. The 

sodium chloride (NaCl) was purchased from Aladdin Chemistry Co., (Shanghai, China), 

while the methanol and ammonium acetate were obtained from Fisher Scientific 

(Pittsburgh, PA) and VWR International Ltd. (Poole, Dorset, UK), respectively. The 

methanol and ammonium acetate were of optimal grade, and the other chemicals were 

of chemical or analytical grade.  
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Figure 4.1 Chemical structures of the PVC and bisphenol analogues used in this study, 

including Bisphenol A (BPA), Bisphenol S (BPS; 4,4’-sulfonyldiphenol), bisphenol F 

(BPF; 4,4’-dihydroxydiphenylmethane), bisphenol AF [BPAF; 4,4’-

(hexafluoroisopropylidene) diphenol], and bisphenol B [BPB; 2,2-bis(4-

hydroxyphenyl) butane]. 

 

4.2.2 Batch adsorption experiments 

Each bisphenol analogue was pre-dissolved in HPLC-grade ethanol (2 mL) as a stock 

solution, and deionized (DI) water was further used to dilute the solutions into five 
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different concentrations (0.1, 0.2, 0.5, 0.8, 1.0 mg·L-1). The volume percentage of 

ethanol was kept less than 0.22% (v/v) to yield negligible solvent effects.185,186 The 

PVC was then added into each solution with the ratio of solid (g) / liquid (L) ranging 

from 0 to 2.5, with an initial pH of 6.93 ± 0.01 (for BPA), 6.88 ± 0.03 (for BPAF), 6.91 

± 0.01 (for BPB), 6.05 ± 0.03 (for BPF) and 6.92 ± 0.03 (BPS), respectively. The pH 

value of the above solutions was adjusted to be 7.0 by adding 0.1 mol·L-1 NaOH or HCl 

solutions with negligible volumes compared to the entire solution. The adsorption 

experiment was then carried out in a glass conical bottle placed on a magnetic stirrer 

with 200 rpm at 298 K. The effect of PVC dosage on adsorption behavior was 

investigated by applying different amounts of PVC (0 to 2.5 g·L-1) in solutions with an 

initial BPA concentration of 0.5 mg·L-1. Experiments for adsorption kinetics were 

conducted in solutions with an initial bisphenol concentration of 0.5 mg·L-1, and the 

concentrations of bisphenols after adsorption were analyzed at different time intervals 

from 0 to 1100 min. Experiments for the adsorption isotherms were performed at a 

different concentration ranging from 0.1 to 1.0 mg·L-1. The study on adsorption 

thermodynamics was conducted by adding PVC microplastics (1.5 g·L-1) in each 

bisphenol solution (0.5 mg·L-1) within a temperature range of 288-308 K. The 

competitive adsorption of PVC microplastics (1.5 g·L-1) for the five bisphenol 

analogues was carried out in a glass conical bottle, with an aqueous solution consisting 

of 0.5 mg·L-1 of each analogue. The bottle was then placed on a magnetic stirrer with 

200 rpm for 1100 min at 298 K. Three replicates were carried out for each experiment. 
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Before the batch experiments, two sets of control experiments were performed. One is 

adding the original PVC microplastics into DI water without bisphenols and the other 

is using the solution with an initial bisphenol concentration of 0.5 mg·L-1 without PVC 

microplastics. All the parameters and concentrations of bisphenols were list in Table 

4.1. Results of the control experiments show that no bisphenol analogues were detected 

in the system with only microplastics while the loss of the bisphenol is less than 3% in 

solution without microplastics. 

 

Table 4.1 Results of control experiments 

 The initial concentration of 

bisphenol analogues (mg·L-1) 

The equilibrium concentration of bisphenol 

analogues (mg·L-1) 

PVC* n.d. n.d. 

BPA# 0.500 0.488 ± 0.02 

BPAF# 0.500 0.487 ± 0.04 

BPB# 0.500 0.489 ± 0.03 

BPF# 0.500 0.485 ± 0.01 

BPS# 0.500 0.487 ± 0.02 

* Control experiment of original PVC microplastics without bisphenols in the solution 

# Control experiment of the solution by each bisphenol without PVC microplastics 

n.d.: The bisphenol was not detected. Experimental conditions: rotation speed = 200 

rpm, temperature = 298 K, pH 7.0 
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All the concentrations of bisphenols before and after adsorption were measured, and 

the adsorption efficiency of each bisphenol was calculated according to Equation 4.1 

below. Moreover, the adsorption capacity of the PVC microplastics for each bisphenol 

was calculated according to Equation 4. 2 based on adsorption results at equilibrium, 

Adsorption efficiency: 0

0

100%ec c
e

c


                                     (4.1) 

Adsorption capacity: 0 e
e

c c
q V

m


                                     (4.2)                                                    

where e represents the adsorption efficiency of each bisphenol (%); qe is the amount of 

each bisphenol adsorbed per gram of PVC microplastics (mg·g-1); c0 and ce refer to 

initial and equilibrium concentrations of bisphenols in the solution (mg·L-1), 

respectively; m is the mass of PVC microplastics (g); and V is the volume of the solution 

for adsorption (L). 

 

4.2.3 Measurement of bisphenols 

Each sample with a volume of 1 mL was centrifuged at a speed of 12,000 rpm for 15 

min to remove particles (Rotofix 32A, Hettich, Germany). After centrifugation, 0.5 mL 

of the supernatant was freeze-dried and reconstituted to 0.2 mL with methanol via 

vortex for 1 min. 5.0 µL of each bisphenol was injected and determined by a liquid 

chromatography system (LC, Dionex, Ulitmate 3000; CA, USA) coupled to a TSQ 

Quantiva mass spectrometer (MS/MS; Thermo Scientific, San Jose, CA). The details 

about the instrumental condition are presented in the next section. Water and methanol 

were used as mobile phases A and B, respectively. Moreover, mean recoveries were 100 
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± 5%, 98 ± 4%, 98 ± 6%, 96 ± 6%, 94 ± 8% and 100 ± 4% for BPA, BPS, BPF, BPAF, 

and BPB, respectively. 

 

4.2.4 Instrumental condition and method optimization for the determination of 

bisphenols 

The concentrations of bisphenols were determined by liquid chromatography (LC, 

Dionex, Ultimate 3000; CA, USA) equipped with a BEH Shield RP C18 column (2.1 

mm × 100 mm; 1.7 µm inner diameter; Waters, MA, USA). Water and methanol were 

used as mobile phases A and B, respectively. Solvent program was set as following: 

0.0-2.0 min, 40% B; 2.0-12.5 min, 68% B; 12.5-14.5 min, 95% B; 14.5-15.5 min, 40% 

B, 15.5-20 min 40% B, with flow rate of 0.3 mL·min-1, column temperature of 35 °C, 

and injection volume of 5 μL. The triple quadrupole mass spectrometer was equipped 

with the electrospray ionization and multiple reactions monitoring scan mode. The 

selected parameters were set as follows: capillary voltage: 4.0 kV; source temperature: 

120 oC; gas temperature: 300 oC; gas flow: 9 L·min-1. Ultra-high-purity nitrogen was 

used as the collision gas. The calibration curves for the analytes were obtained by linear 

regression analysis on a standard solution from 0.5 to 500 μg·L-1. The parent ion of 

BPA, BPS, BPF, BPAF, BPB was set at m/z = 227.1, 249.1, 199.2, 335.2, and 241.2, 

respectively, which were corresponded to the major product ions at m/z = 212.1, 108, 

93.1, 265 and 212.2, respectively. C13-BPA was utilized as an internal standard which 

used for accurate quantification. The determination of mean recoveries was performed 
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as follows: Each bisphenol analogue (BPA, BPAF, BPB, BPS, BPF) was dissolved in 

DI water to prepare standard samples with different concentrations (0.1, 0.2, 0.5, 0.8, 

1.0 mg·L-1). Then, the standard samples were treated by the same procedure as that for 

other samples in this study. 5 µL of each bisphenol was subsequently injected and 

quantified by HPLC-MS. At last, the recoveries could be calculated by the following 

equation: 

 
 (%) 100%

 

measured value
recoveries

standard value
 

 
                              (4.3) 

 

4.3 Results and discussions 

4.3.1 Effect of PVC dosage on adsorption of bisphenols 

The adsorbent dosage was usually considered as a critical parameter for bisphenol 

adsorption processes;187,188 therefore, a preliminary study was first carried out to 

investigate the effect of PVC dosage on the adsorption of bisphenols. As a result of the 

preliminary investigation, the most efficient PVC dosage was confirmed for the 

following experiments in this study designed to intensively explore the adsorption 

behavior and mechanisms. Figure 4.2 summarizes the adsorption efficiencies of 

bisphenols on PVC microplastics with different dosages. The adsorption efficiency of 

all bisphenols increased significantly with the growth of PVC dosage from 0 to 1.5 g·L-

1 but remained relatively stable with a further increase in the PVC dosage. When the 

PVC dosage is low, the adsorption sites can be completely occupied by the bisphenols 

with large amounts in aqueous solution. An increase in PVC dosage can provide more 
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available adsorption sites which results in substantial growth of the adsorption 

efficiency. However, an equilibrium was reached because of the adequate adsorption 

sites offered by enough content of PVC microplastics when it is higher than 1.5 g·L-1. 

Consequently, the value of 1.5 g·L-1 was identified as the most efficient dosage for 

bisphenol adsorption and was applied for further adsorption experiments in this study. 

 

Figure 4.2 Adsorption efficiency of bisphenols on PVC microplastics with various 

adsorbent dosages. The bisphenols for adsorption are BPA, BPAF, BPB, BPF, and BPS. 

The dosage of adsorbent was determined by adding PVC in the solution with 

concentrations of 0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 g·L-1, respectively. The adsorption 

efficiency was calculated based on the initial bisphenol concentration (0.5 mg·L-1). The 

adsorption experiment was carried out in a glass conical bottle placed on a magnetic 

stirrer with 200 rpm for 1100 min at pH 7.0 and 298 K. 
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4.3.2 Adsorption kinetics of bisphenols on PVC microplastics 

Experiments on kinetics studies were performed to understand the time behavior of 

bisphenol adsorption on PVC microplastics, and Figure 4.3 illustrated the variations of 

adsorption efficiency with respect to the adsorption time. For all bisphenols in this study, 

the adsorption efficiency increased substantially in the first 180 min after the beginning 

of the adsorption experiments and then slowed down until reaching adsorption 

equilibrium. The time needed for reaching adsorption equilibrium was found to be 

approximately 720 min for most of the bisphenols except BPF which reached 

adsorption equilibrium at approximately 300 min. On the basis of the results above, a 

contact time of 720 min was chosen for the following adsorption isotherm study. 
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Figure 4.3 Adsorption efficiencies of bisphenols on PVC microplastics within the time 

range of 0-1100 min. The bisphenols for adsorption are BPA, BPAF, BPB, BPF, and 

BPS. The adsorption experiments were carried out in solution mixture (pH 7.0) with 

initial bisphenols concentration of 0.5 mg·L-1 and PVC dosage of 1.5 g·L-1.  

 

The adsorption kinetics can usually be characterized by mathematical models, 

including a pseudo-first order model,189 pseudo-second order model,190 and 

intraparticle diffusion model,191 with linearized forms as follows: 

Pseudo-first order model: 1ln( ) lne t eq q q k t                       (Equation 4.3) 

Pseudo-second order model: 
2

2/ 1/ /t e et q q k t q                    (Equation 4.4)  

Intraparticle diffusion model: 
1/2

t p iq k t x                         (Equation 4.5) 

where k1 (min−1) and k2 [g·(mg·min)-1] are the first-order and second-order equilibrium 

rate constants, respectively; t is the contact time (min), qt (mg·g-1) and qe (mg·g-1) are 

the number of bisphenols adsorbed per unit mass of PVC microplastics at time t and 

equilibrium, respectively; kp (g·mg-1·min-0.5) is the rate constant of the intraparticle 

diffusion model; and xi is a number related to the thickness of the interface. 

The rate-limiting step is a physical process for the pseudo-first order model, but it relies 

on chemical processes for the pseudo-second-order model which involves the 

adsorption force between the adsorbent and adsorbate.192 In addition, intraparticle 

diffusion is generally considered as a major issue191, 193 during adsorption processes. 

Therefore, the data for the kinetics study was first fitted to pseudo-first order and 
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pseudo-second order models to explore the rate-limiting mechanisms for bisphenol 

adsorption. Then, the intraparticle diffusion model was examined to give further insight 

into critical stages controlling the adsorption process, e.g., mass transport, internal 

diffusion, and dynamic equilibrium.193,194 The results of pseudo-first and pseudo-

second order models are summarized in Table 4.2, including parameters such as k1 and 

k2, experimental (qe,exp), and calculated (qe,cal) equilibrium adsorption quantity, and 

correlation coefficients (R2). The value of R2 is very close to 1.000 from the fitting of 

the pseudo-second order model, which is much higher than that obtained from the 

pseudo-first order model. Moreover, the difference between qe,exp and qe,cal is 4.6% 

obtained from pseudo-second order model, while the value is calculated to be 73.3% 

by fitting pseudo-first order model (Figure 4.4). Therefore, the adsorption kinetic 

behavior of bisphenols onto PVC microplastics can be described appropriately by the 

pseudo-second order model, rather than the pseudo-first order model.  

 

Figure 4.4 Adsorption kinetics of five bisphenol analogues onto PVC microplastics 

fitted by (a) the pseudo-first order model and (b) the pseudo-second model.  
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Table 4.2 Kinetic parameters for the adsorption of bisphenols on PVC microplastics 

  pseudo-first order parameters pseudo-second order parameters 

adsorbate qe,exp 

(mg·g-1) 

qe, cal 

(mg·g-1) 

k1 

(min-1) 

R2 qe,cal 

(mg·g-1) 

k2 

[g·(mg·min)-1] 

R2 

BPA 0.202 0.111 0.0032 0.923 0.208 0.067 0.999 

BPAF 0.241 0.107 0.0030 0.900 0.244 0.085 1.000 

BPB 0.242 0.124 0.0024 0.906 0.241 0.062 0.998 

BPF 0.160 0.064 0.0022 0.736 0.157 0.148 0.999 

BPS 0.151 0.041 0.0023 0.777 0.144 0.370 1.000 

 

Furthermore, Figure 4.5 illustrates the results of data fitting to the intraparticle diffusion 

model, from which critical stages can be identified to control the diffusion and 

adsorption of bisphenols. When the fitting was expressed as a straight line passing 

through the origin of coordinates, it indicates that the adsorption process is controlled 

only by intraparticle diffusion.195 However, when the fitting results can be expressed by 

multi-linear plots, the adsorption may be affected by two or more critical stages 

mentioned above.195 In this study, the three-stage linear plots were illustrated in Figure 

4.5, which indicated that the adsorption processes can be divided into three stages. 

Since the curvature in the initial period was attributed to boundary layer diffusion,195 

the first stage refers to external mass transport between solid and liquid phase as shown 

in Figure 4.5(a).196,197 The second straight line stage indicates that bisphenol molecules 

penetrated into the inner layer and intraparticle diffusion (Figure 4.5(b)) occurred in 

this period.198 The third part of data fitting as shown in Figure 4.5(c) suggested that the 

final stage might be controlled by adsorption/desorption dynamic equilibrium 

processes.197 In addition, it is observed that the extending line of the second stage does 
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not pass through the origin (as shown in Figure 4.4) which further confirms that the 

whole adsorption process of bisphenols was not only controlled by intraparticle 

diffusion but was also determined by external mass transfer and dynamic equilibrium 

processes.195,199  

 

Figure 4.5 Adsorption of five bisphenol analogues on PVC microplastics fitted by 

intraparticle diffusion model. The y-axis qt represents the adsorption quantity of each 

bisphenol analogue on PVC microplastics, while the x-axis stands for the root of 

adsorption time (min(1/2)) according to the intraparticle diffusion model. The dynamic 

adsorption process of bisphenols can be divided into three stages: (a) mass transport 

portion, (b) intraparticle diffusion stage, and (c) equilibrium stage. The mixtures (1.5 

g·L-1 PVC microplastics and 0.5 mg·L-1 bisphenols) were agitated in the neutral 
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condition (pH 7.0) with a speed of 200 rpm at 298 K from 0 to 1100 min. 

 

4.3.3 Adsorption isotherms of bisphenols on PVC microplastics 

Adsorption isotherm equations are usually applied to demonstrate interactions between 

adsorbate and adsorbent at equilibrium, while both Langmuir and Freundlich models 

were applied to fit the isotherm data with equations in linear forms as follows:191 

Langmuir linear equation: 
1 1 1

e e m L mq c q k q
                     (Equation 4.5) 

Freundlich linear equation: 
1

ln ln lne F eq k c
n

                 (Equation 4.6) 

where ce is the equilibrium concentration of each bisphenol (mg·L-1) in solution; qe is 

the equilibrium adsorption capacity of each bisphenol per unit adsorbent (mg·g-1), qm 

is the maximum adsorption capacity of the monolayer (mg·g-1); n is surface 

heterogeneity factor. If n > 1, the adsorption is favorable,193 indicating that the 

adsorption capacity of the adsorbent will increase with higher initial concentration of 

bisphenols. kL (L·mg-1) and kF (mg-1/n·L-1/n·g-1) represent the affinity constants of the 

Langmuir and Freundlich equations, respectively. 

Figure 4.6 illustrates the modeling results of bisphenol adsorption on PVC 

microplastics based on Langmuir and Freundlich isotherms, together with relevant 

parameters summarized in Table 4.3. From the results, the values of linear regression 

coefficients (R2) exceed 0.993 from Freundlich isotherm modeling, which are higher 

than those observed in Langmuir modeling (ranging from 0.976 to 0.989). Therefore, a 

better fitting can be achieved by the Freundlich isotherm to describe the bisphenol 
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adsorption on PVC microplastics, which indicates that the interactions between 

bisphenols and PVC microplastics are multilayer adsorption on heterogeneous surfaces 

affected by both chemical and physical adsorption processes.200 In the Freundlich 

model, the slope and the intercept correspond to (1/n) and kF, respectively. The value 

of n from Freundlich modeling (n > 1) indicates that the adsorption is favorable for all 

five bisphenols, which means that their adsorption will be enhanced with the increased 

amounts of bisphenols in the solution.201 Moreover, the adsorption experiments were 

carried out at different temperatures (288, 298 and 308 K), and the value of kF at each 

temperature was illustrated in Figure 4.7. The kF value was found to decrease with the 

increase of the solution temperature, indicating a higher affinity between the bisphenol 

and PVC microplastics at a lower temperature.202,203  

 

 

Figure 4.6 Adsorption isotherm of five bisphenol analogues onto PVC microplastics 

fitted by (a) the Langmuir model and (b) the Freundlich model. ce is the equilibrium 

concentration of bisphenols in solution, while qe is the number of adsorbed bisphenols 

on PVC (mg·g-1). Correlation coefficient in the Freundlich equation (exceeding 0.993) 
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is higher than that in the Langmuir equation (R2 ranges from 0.976 to 0.989), indicating 

a better fitting by the Freundlich model than the Langmuir model. The adsorption 

experiments were carried out by 1.5 g·L-1 of PVC in 1 L of solution with an initial 

bisphenol concentration ranging from 0 to 1.0 mg·L-1. The time for adsorption is set to 

1100 min to reach equilibrium. 

 

Table 4.3 Parameters of Langmuir and Freundlich isotherm models fitted by the data 

of bisphenols adsorption on PVC microplastics 

 Langmuir Model Freundlich Model 

 qm 

(mg·g-1) 

kL  

(L·mg-1) 

R2 kF  

 (mg-1/n·L-1/n·g-1) 

n R2 

BPA 0.923 1.721 0.989 0.801 1.21 0.994 

BPAF 1.050 2.574 0.976 1.458 1.14 0.993 

BPB 0.993 2.101 0.976 1.182 1.16 0.993 

BPF 0.789 1.166 0.976 0.575 1.13 0.993 

BPS 0.787 1.036 0.986 0.503 1.15 0.995 

qm is the maximum adsorption capacity of the monolayer (mg·g-1); n is surface 

heterogeneity factor. If n > 1, the adsorption is favorable, indicating that the adsorption 

capacity of the adsorbent will increase with higher initial concentration of bisphenols. 

kL (L·mg-1) and kF (mg-1/n·L-1/n·g-1) represent the affinity constants of the Langmuir and 

Freundlich equations, respectively. 

 

4.3.4 Adsorption thermodynamics of bisphenols on PVC microplastics 

From the adsorption results at different temperatures (288, 298 and 308 K) shown in 

Figure 4.7, the adsorption efficiency for each bisphenol was found to decrease with the 
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rising temperature. A thermodynamic calculation was further conducted, with the 

values of Gibbs free energy change (ΔG), enthalpy change (ΔH), and entropy change 

(ΔS) calculated according to equations as following: 

Gibbs free energy change: lnG RT k                                (Equation 4.7) 

Van’t Hoff equation: ln
S H

k
R RT

 
                                  (Equation 4.8)  

where the ΔG stands for the Gibbs free energy (kJ·mol-1), R is the universal gas constant 

(8.314 J·mol-1·K-1), T is the ideal absolute temperature (K), and k is the equilibrium 

constant, the value of ln k is calculated by the intercept of the plots of ln (qe/ce) versus 

qe according to Equation 4.8.204 ΔH (kJ·mol-1) and ΔS (kJ·mol-1) are the change of 

enthalpy and entropy of the adsorption process, respectively.  
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Figure 4.7 Temporal variation of the adsorption efficiency for the bisphenols on PVC 

microplastics. The experiments were performed at different temperature (288, 298, 308 

K). The yellow cycle stands for the affinity constants (kF) of the Freundlich equations. 

The kF value decreases with the increased temperature, indicating a higher adsorption 

uptake and a higher affinity between the bisphenol and PVC microplastics at a lower 

temperature. The experiments were carried out by 1.5 g·L-1 of PVC in 1 L of solution 

with an initial bisphenol concentration of 0.5 mg·L-1. The time for adsorption is set to 

1100 min to reach the equilibrium.  

 

From the values listed in Table 4.4, the calculated value of ΔH are all negative (-14.09, 

-13.99, -14.36, -12.93, and -13.24 kJ·mol-1 for BPA, BPAF, BPB, BPF and BPS, 

respectively), implying the adsorption of each bisphenol on the PVC microplastics as 

exothermic process. The value of ΔG for BPA, BPAF and BPB is negative but positive 

for BPS and BPF, which suggests that the adsorption processes of BPA, BPAF and BPB 

on the microplastics are spontaneous but the others might be not spontaneous within 

the temperature range of 288-308 K. The value of ΔG for every analogue was found to 

increase with the elevated temperature, which further indicates a favorable adsorption 

at a lower temperature. In addition, the hydrogen bond can be fractured when the 

solution temperature increases in the range used in this chapter,202,203 which can further 

explain the decrease of adsorption efficiencies at a higher temperature. 
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Table 4.4 Thermodynamics parameters for the adsorption of bisphenols on PVC 

microplastics 

 ln k ΔG (kJ·mol-1) ΔH 

 (kJ·mol-1) 

ΔS 

(kJ·mol-1)  288 298 308 288 298 308 

BPA 0.42 0.23 0.038 -1.01 -0.57 -0.097 -14.09 -0.045 

BPAF 0.96 0.74 0.58 -2.30 -1.83 -1.49 -13.99 -0.040 

BPB 0.79 0.56 0.40 -1.89 -1.39 -1.02 -14.36 -0.043 

BPF -0.10 -0.30 -0.45 0.25 0.73 1.16 -12.93 -0.046 

BPS -0.18 -0.41 -0.54 0.41 1.01 1.38 -13.24 -0.047 

 

4.3.5 Mechanisms for bisphenol adsorption on PVC microplastics 

Several possible mechanisms should be considered for the adsorption of bisphenols on 

the PVC microplastics, including hydrophobic interaction,205 electrostatic force,206 and 

noncovalent interactions.207 Furthermore, although a similar tendency was observed for 

the bisphenol adsorption, the results also revealed that the specific parameters varied a 

lot among different bisphenol analogues. Therefore, although the mechanisms 

mentioned above are all involved in bisphenol adsorption, it is hypothesized that the 

specific driving forces are different for interactions between PVC and different 

bisphenol analogues. 

The hydrophobic interaction was first discussed based on the value of octanol-water 

partition coefficients (log Dow) which was recognized as a hydrophobicity parameter to 

evaluate the hydrophobic microdomain of ionisable organic chemicals.193 The log Dow 

values for bisphenols in this study were calculated by log Kow and pKa for each 

bisphenol analogue obtained from Hazardous Substance Data Bank182 and summarized 

in Table 4.5 together with the adsorption efficiency. From the data shown in Table 4.5, 
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the adsorption efficiency at equilibrium was increased accordingly with the elevated 

value of log Dow for each bisphenol analogue with the order of BPS < BPF < BPA< 

BPB < BPAF. Furthermore, the correlation analysis was conducted to further express 

the relationship between equilibrium adsorption efficiencies and log Dow. The results 

(Figure 4.8) show that an excellent linear correlation (R2 = 0.999) can be obtained if 

the data of BPF were excluded during the analysis. Therefore, for bisphenol 

contaminants (except BPF) with similar chemical structures, the hydrophobic 

interaction was proved to play a critical role during their adsorption by PVC 

microplastics. The importance of the hydrophobic interaction and its impact on the 

adsorption behaviors of bisphenols have also been reported in other studies.184,193,197 

For example, Choi and Lee184 have found a similar positive effect of hydrophobic 

interaction on the adsorption of bisphenols in the order of BPA < BPB < BPAF with an 

increased log Dow. Broniatowski et al.208 also mentioned that the strength of adsorption 

is highly dependent on the hydrophobicity of bisphenols including BPS, BPF, BPA and 

BPAF. Zhou et al.197 emphasized the significant role of hydrophobic microdomain 

during BPA adsorption onto polypropene nonwoven and found that almost 66.04% of 

the adsorbed BPA is attributed to the hydrophobic interaction.
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Table 4.5 Physicochemical properties of the bisphenol analogues used in this chapter 

chemicals Molecular formula Molecular weight log Dow
 log Kow

* pKa
* Adsorption efficiency 

BPS C12H10O4S 250.268 1.62 1.65 8.20 43.55% 

BPF C13H12O2 200.237 2.80 2.92 7.55 45.12% 

BPA C15H16O2 228.291 3.32 3.32 9.50 60.02% 

BPB C16H18O2 242.318 4.13 4.13 10.10 68.12% 

BPAF C15H10F6O2 336.233 4.47 4.47 9.20 70.82% 

* Data of log Dow is calculated by log Kow;
pH p alog  log  log  (1 10 )K

ow owD K    （ ）
  

 log Kow and pKa are available from HSDB (Hazardous Substance Data Bank) https://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm 
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However, as it has been stated during correlation analysis, such an excellent linear 

correlation can be obtained only without consideration of BPF. With a much higher log 

Dow of 2.80 for BPF than that for BPS (1.62), the adsorption efficiency of BPF is found 

to be 45.12% which is only slightly higher than that of BPS (43.55%). Therefore, it was 

deduced that the adsorption of bisphenols may be affected by other potential 

mechanisms, which needs to be discussed especially for BPF. Electrostatic force has 

been recognized as another critical mechanism by other researchers209,210 which may 

potentially affect the adsorption behavior of bisphenols on PVC microplastics. 

Electrostatic force, representing the affinity between contaminants and adsorbents, can 

be determined by ionization degree of substances in the solution. Meanwhile, the 

ionization degree of chemicals in a solution can be evaluated by comparing the solution 

pH and the acid dissociation constants (pKa) of the chemicals.211 The majority of the 

chemicals will be deprotonated and exist as anions when the solution pH is higher than 

its pKa. The molecular form will mainly exist in a solution with a pH lower than pKa,211 

but the closer the pH is to pKa the higher the degree of ionization that can be expected.212 

The pH value of adsorption solutions was kept approximately 7.0, which is lower than 

the pKa value of bisphenols shown in Table 4.5. Therefore, partial ionization will occur 

for all bisphenols, but a much higher ionization can be expected for BPF due to its 

lowest pKa value (7.55) among the five bisphenol analogues. The pHpzc of PVC is 3.41 

from Figure 4.9, which indicates that the surface of PVC microplastics is negatively 

charged in the solution for adsorption due to a higher pH value (7.0) than pHpzc. 
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Therefore, the adsorption will be restrained by electrostatic repulsion between PVC 

microplastics and the anionic fractions partially ionized from the bisphenols. With the 

highest ionization degree of BPF in comparison with other bisphenols, the positive 

effect from hydrophobic interaction will be mostly inhibited for BPF. Therefore, the 

correlation of BPF’s adsorption efficiency with log Dow was not as high as that observed 

for other bisphenols, as shown in Figure 4.10 and Table 4.5.  
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Figure 4.8 Correlation between the equilibrium adsorption efficiency and octanol-water 

partition coefficient (log Dow) of the bisphenol analogues. The correlation coefficient 

(except BPF) is 0.999, indicating the critical role of hydrophobic interaction in 

bisphenol adsorption on PVC microplastics. The adsorption experiments were carried 

out by 1.5 g·L-1 of PVC in 1 L of solution with an initial bisphenol concentration of 0.5 

mg·L-1. The time for adsorption is set to 1100 min to reach equilibrium.) 
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Figure 4.9 Determination of the pHpzc value of PVC microplastics. The zeta potentials 

of PVC microplastics measured in aqueous solutions at pH 2.0-12.0 were first positive 

at pH < 3.41 and became negative when pH > 3.41.  

 

In addition to the hydrophobic interaction and electrostatic repulsion as discussed above, 

noncovalent interactions such as hydrogen bonding and halogen bonding have also 

been reported to affect the affinity of adsorbents to organic pollutants.213 CH/ 

interactions are weak hydrogen bonds engendered between alkyl groups and aromatic 

rings,214 and they are recognized as a crucial driving force between polyolefin materials 

and chemicals with benzene rings.215 Moreover, more hydrogen bonding will be 

fractured with the temperature rising from 288 K to 308 K,202,203 leading to the decrease 
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of the adsorption efficiency as reflected by the results of the thermodynamic study. 

Therefore, the CH/ bonding might affect the adsorption behavior of bisphenols on 

PVC microplastics, due to the donation of protons from the -CH of alkyl groups on 

PVC to the delocalized aromatic rings of the bisphenol analogues (shown by the red 

dashed line in Figure 4.10). On the other hand, as another type of noncovalent 

interaction, the halogen bonding was generated between the halogen atoms and π-

electrons from the benzene rings.216,217 This bond can be expressed as A···X-D,218 

where A is any atom or group that donates electrons to electron poor species X-D. X-D 

can be recognized as the electron acceptor where X is the halogen atom (like -Cl) and 

D refers to the main body of the compound. Therefore, such interactions might exist 

between PVC microplastics and bisphenols in this study as illustrated by the blue 

dashed lines in Figure 4.10. The -Cl on the branch of PVC may act as an electron 

acceptor while the benzene rings together with hydroxyl groups (-OH) can be regarded 

as electron-donating groups, which might generate the specific halogen bonding 

between the -Cl groups and electron donor arenes. 
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Figure 4.10 Noncovalent interactions, including hydrogen bonding (the red dashed line 

on the left) and halogen bonding (the blue dashed line on the right) between the 

bisphenols and PVC microplastics. 

 

4.3.6 Competition adsorption of five bisphenols 

As bisphenol analogues may coexist in the aquatic environment, competitive adsorption 

might occur among different bisphenols on the PVC microplastics. In Figure 4.11, the 

adsorption efficiencies for BPA, BPAF, BPB, BPF and BPS in the multi-solute solution 

are 33.43%, 42.01%, 41.22%, 23.14% and 22.23%, respectively, which are much lower 

than the corresponding value obtained from the individual adsorption process (60.02%, 
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70.82%, 68.12%, 45.12% and 43.55%). The decrease in adsorption efficiency for each 

bisphenol analogue is due to the presence of competing for estrogenic chemicals on the 

adsorption capacity. However, the order of the bisphenol adsorption efficiency follows 

the same sequence as that observed in the individual bisphenol solution (BPAF > BPB > 

BPA > BPF > BPS). This phenomenon indicates that the competitive strength for the 

adsorption of each bisphenol in a multi-solute system can be reflected from the 

adsorption capacity of each bisphenol individually, which is consistent with the findings 

of other studies.213,216 Furthermore, similar to the solution with only one bisphenol, the 

value of log Dow also plays a critical role in the adsorption of bisphenol on PVC 

microplastics in the mixed solution with different bisphenol analogues. 
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Figure 4.11 The competitive adsorption of bisphenols onto PVC microplastics and its 

comparison with the individual adsorption. The adsorption experiments were carried 

out by 1.5 g·L-1 of PVC in 1 L of solution with each initial bisphenol concentration of 

0.5 mg·L-1 at pH 7. The time for adsorption is set to 1100 min to reach equilibrium. 

 

4.4 Chapter summary and perspectives 

Given the growing demand for and rapid rise in plastic production, as well as 

subsequent disposal without distinction, the contamination caused by microplastics is 

likely to be an emerging global concern. In this study, we performed a study on 

adsorption behavior of 5 model bisphenols on PVC microplastics. The results of kinetic 

and isotherm modeling predicted a better fitting of the adsorption results to pseudo-

second order and Freundlich isotherm, respectively. In addition, the intraparticle 
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diffusion model showed that the adsorption could be distinctly divided into three steps, 

namely the film diffusion stage, intralayer diffusion stage, and dynamic equilibrium 

stage. The thermodynamic study further indicates that the adsorption of bisphenols on 

the microplastics as an exothermic process which will be enhanced at a lower 

temperature. Then the mechanism interpretations have demonstrated that hydrophobic 

interaction, electrostatic force, and noncovalent bonds are critical mechanisms affecting 

the adsorption of five bisphenol analogues on PVC microplastics. The results indicate 

a positive effect of hydrophobic interaction on bisphenol adsorption but an obvious 

inhibition by electrostatic repulsion. Moreover, noncovalent interactions including 

hydrogen and halogen bonds have also been identified as critical mechanisms for the 

adsorption of bisphenols on PVC microplastics. Finally, a preliminary study was 

conducted on the competitive adsorption of the bisphenols. The decrease in adsorption 

efficiency was observed for each bisphenol due to the presence of competing analogues, 

while the consistent order of adsorption efficiency further confirms the critical role of 

log Dow even in the mixed solution. This work therefore can be of help to elucidate the 

adsorption mechanisms of the five bisphenol analogues on the PVC microplastics. 

Further concern should arise from the effect of more factors including weathering, the 

types of microplastics, the properties of pollutants as well as a deep exploration on the 

desorption mechanisms. 

Chapter 5    Consequential Fate of Bisphenol-Contaminated PVC 

Microplastics with Possible Effects on Cytotoxicity 
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5.1 Introduction 

As the current global-scale exposure is hardly reversible, plastic litter materials have 

been reported to fulfill the essential conditions of planetary boundary threats115,220. 

Plastics may ultimately enter and persist in the aquatic environment and then undergo 

embrittlement, fragmentation, and degradation caused by effects such as physical stress, 

ultraviolet radiation, temperature changes, oxidizing conditions, wave impacts, and 

biological processes81. For example, it has been predicted that 45-129 thousand tonnes 

of plastics debris float inside the North Pacific Subtropical Gyre,75 while an 

approximately up to 2.55 × 104 items·m-3 of microplastics were found in the surface 

water of inland water within Guangdong-Hong Kong-Macao Greater Bay Area.145 

These microplastics would contain a large specific surface area,12 and they may thus 

act as potential carriers or adsorbents for concentrating pollutants such as endocrine 

disrupting chemicals (EDCs)115, which may give rise to further contamination of the 

aquatic ecosystem12,145.  

Currently, a series of conceptual frameworks have been discussed for the potential 

propagated effects of pristine and/or contaminated microplastics. For example, 

microplastics can interfere with algal feeding by causing a false feeling of satiation221. 

At a higher trophic level, hard biodegradable microplastics were found in a crab’s 

stomach upon exposure and were retained in the intestinal tract for almost 14 days68,76. 

Several previous studies have demonstrated that the association between microplastics 

and polychlorinated biphenyls (PCBs) could increase lipid accumulation and mortality, 
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generating an increased public health impact.68 On the other hand, Diepens and 

Kolemans223 found that more ingestion of microplastics could decrease the toxicity of 

PCBs in the stimulated food web by weakening the bioaccessibility of the PBDEs. 

Although these effects are still controversial, it is generally recognized that 

contaminated microplastics can generate toxicity for aquatic organisms by the 

following two pathways168,223: small microplastics can penetrate the cell membrane and 

directly induce great intracellular oxidative stress, and the attached pollutants can be 

released from the contaminated microplastics and generate further impacts.  

Thus, the transfer and release behaviors of contaminated microplastics are of critical 

importance in the exploration of their role as culprits and/or vectors for the 

aforementioned toxicity. Therefore, systematic experiments were performed in this 

study to examine the desorption behaviors and cytotoxicity performance of 

contaminated microplastics. Desorption can occur in aquatic surroundings or the 

intestinal environment after the microplastics are ingested by organisms (cold- or 

warm-blooded)168,224. Since polyvinyl chloride (PVC) microplastics are widely 

distributed along the water column166, 225 and are one of the most toxic plastics as 

described by Healthy Child Healthy World19, they were selected as the representative 

microplastics in this study. In addition, bisphenols (e.g., bisphenol A, bisphenol AF, 

bisphenol B, bisphenol F, and bisphenol S) are widely applied as plasticizers in the 

production of PVC plastics228. Since they are identified as typical EDCs, bisphenols 

were further selected as the representative contaminants in our study. Bisphenols can 
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disrupt hormone synthesis and induce hepatic stress in fish cells227, 228. Moreover, BPA 

and its analogues were also found in the human urine229, blood230 and even breast 

milk231 at a relatively high level (ng·mL-1), due to the long history of plastic products 

like the epoxy resins and polycarbonates plastics230,231. The toxicity of the bisphenols 

for organisms or human beings has been reported by a large volume of literature229,232,. 

For example, the oxidative stress and damage in human cells have been discovered in 

human erythrocytes229 with the exposure of bisphenols. It was also reported that 

bisphenol analogues contain the estrogenic/antiandrogenic potencies which are similar 

to or greater than that of BPA at around dozens or hundreds of nanograms per 

milliliter232,233. Therefore, to further evaluate the cytotoxicity of bisphenol-

contaminated microplastics, two model cell lines (the grass carp hepatocyte cell line, 

L8824; the human breast adenocarcinoma cells, MCF-7) commonly applied as the 

perfect model in hepatotoxicity234 or estrogen toxicity235 studies, were selected in this 

study to represent the cold- and warm-blooded organism cell lines, respectively.  

This study first elucidated the desorption behaviors of bisphenols from contaminated 

PVC microplastics under different scenarios such as water and simulated intestinal 

conditions of cold- and warm-blooded organisms. Subsequently, cytotoxicity assays of 

pristine microplastics and bisphenols were performed on L8824 and MCF-7. Then, the 

potential impacts of the bisphenols released from the contaminated microplastics were 

evaluated. By exploring the transfer behaviors and potential cytotoxicity of the 

contaminated microplastics, this study will contribute to a better understanding of their 
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roles as sources or carriers for emerging pollutants, which may help to fill the 

knowledge gap in studies on the impacts of pollutant-associated microplastics. 

 

5.2 Material and methods 

5.2.1 Raw materials 

PVC microplastics (d50 = 13.2 m; ρ = 1.4 g·cm-3) were obtained from Goodfellow 

Company (Huntington, UK). Bisphenols including BPA, BPS, BPF, BPB, and BPAF 

were purchased from Sigma-Aldrich (St. Louis, USA), with the corresponding 

octanol−water partition coefficients (log Dow) listed in Table 4.5. Optimal-grade 

methanol was obtained from Fisher Scientific (Pittsburgh, USA). The sodium chloride 

(NaCl) was of analytical grade (Aladdin Chemistry Co., Shanghai, China), and the 

sodium carbonate (Na2CO3) and sodium azide (NaN3) were purchased from Fisher 

Scientific (Ottawa, Canada). 

 

5.2.2 Characterization of raw materials 

The average particle size (d50) of the PVC microplastics was measured as 13.2 m by 

a laser scattering technique (Mastersizer 3000, Malvern). The Brunner-Emmet-Teller 

(BET) surface area was measured as 9.77 ± 0.28 m2·g-1 by ASAP2000 (Micromeritics, 

USA). The point of zero charge (pHpzc) PVC microplastics was analyzed by A particle 

size analyzer equipped with Zetasizer Nano ZS90 (Malvern Instruments, UK). The 

point of zero charge of PVC microplastic samples was detected via using a Zetasizer 

Nano ZS90 (Malvern Instruments, UK). Firstly, the PVC sample was fragmented into 
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finer microplastics by grinding, and then the sample was mixed with the deionized 

water at different pH values (2 to 12) adjusted by HCl and NaOH solutions. The 

reported values for pHpzc were the mean value of six replicated measurements. 

 

5.2.3 Adsorption and desorption of bisphenols from PVC microplastics  

First, the adsorption of bisphenols onto PVC microplastics was examined according to 

the procedures reported by Wu et al.81 In summary, each bisphenol was dissolved in 

ethanol and then diluted in the glass bottle (1 L) with initial concentrations ranging 

from 0 to 1.0 mg·L-1, representing the common and limiting conditions230,236,237. 1.5 g 

of PVC microplastics were then added and the container was shaken with 200 rpm at 

room temperature for 48 h to reach adsorption equilibrium. Three replicates were 

performed for every experiment. Then, the amounts of adsorbed BPA, BPAF, BPB, BPF, 

and BPS on the PVC were measured and were found to be 0.19, 0.24, 0.23, 0.16, and 

0.15 mg·g-1, respectively (as described in the “Section 4.2.3” of Chapter 4). According 

to the method reported in previous studies224,237, desorption of the PVC microplastics 

contaminated by each bisphenol was transferred to three different conditions including 

water and simulated intestinal environments of both cold- and warm-blooded organisms 

(simplified as “cold-I” and “warm-I”, respectively). In brief, the simulated intestinal 

liquid was composed of sodium chloride (0.12 M), sodium carbohydrate (0.02 M), and 

sodium taurocholate (15.50 mM), with different pH values and temperatures238,239 

(cold-I: 7.5, 291K; warm-I: 6.5, 311K; aquatic: 7.0, 291K). The intestinal liquids for 

cold- and warm-blooded organisms were simulated based on previous studies238,239 with 
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details listed as below. The simulated intestinal liquid was composed of sodium 

chloride (NaCl, 0.12 M), sodium carbohydrate (Na2CO3, 0.02 M), and sodium 

taurocholate (C26H44NNaO7S, 15.50 mM), but with different solution pH and 

temperature. The solution pH is 7.5 and the temperature is 291 K for cold-blooded 

organisms (cold-I), while the corresponding values are 6.5 and 311 K for warm-blooded 

organisms (warm-I). In addition, the water (pH 7.0, 291 K) was used to simulate the 

aquatic environment. NaN3 salt was added to all solutions to avoid any biodegradation 

of the bisphenols. 

The glass bottle (1 L) sealed with Teflon screw caps for desorption experiments were 

placed in an oil bath with rotary agitation at 200 rpm until desorption equilibrium was 

reached. The temperature was set at 291 K for the water system and the cold-blooded 

system and 311 K for the warm-blooded system. Experiments for the desorption 

kinetics were carried out by measuring the concentrations of bisphenols after desorption 

at different time intervals from 0 to 75 h. Desorption isotherms were obtained for the 

contaminated PVC microplastics from the adsorption processes with initial bisphenol 

concentrations in the 0.10-1.00 mg·L-1 range. After filtering the supernatants of each 

series using a 0.45 μm glass microfiber filter (Whatman, UK), the concentrations of the 

bisphenols were measured according to the methods described in “Section 4.2.4” of 

Chapter 4. Prior to the batch experiments, two series of control experiments were 

conducted, and their detailed parameters are summarized in Table 4.1. The results of 

the control experiments show that no bisphenols were determined during the 



-125- 

adsorption/desorption process with only PVC microplastics present, and the loss of 

each bisphenol was below 3% in the processes without the microplastics. With such 

low losses, each concentration of the desorbed bisphenol was almost equal to the 

detected value after desorption equilibrium. All of the experiments were conducted in 

triplicate.  

 

5.2.4 Cell culture and cytotoxicity assay  

The L8824 and MCF-7 cell lines were purchased from Wuhan Cell Institutional 

Repository (Wuhan, China) and American Type Culture Collection (ATCC NO.: HTB-

22, Manassas, USA), respectively. The L8824 cells were cultured in minimum Eagle’s 

medium (MEM, Sigma, USA) with 10% of fetal calf serum added (FCS, Sijiqing, 

Hangzhou, China). Following the method described by Wei et al.240, the MCF-7 cells 

were preserved in phenol red-free Dulbecco’s modified Eagles’s medium (DMEM, 

Thermo Fisher Scientific, USA) with 10% of fetal bovine serum (FBS, Thermo Fisher 

Scientific, USA). In the cultures for both L8824 and MCF-7, the concentrations of 

penicillin and streptomycin were 100 units·mL-1 and 100 μg·mL-1, respectively. The 

incubation was conducted in a humid atmosphere with 5% of CO2 at 291 K for L8824 

and at 311 K for MCF-7. The mediums were refreshed every 24 h, and subculturing 

was carried out after the cells were almost 80% confluent. The cytotoxicity assays were 

carried out by plating the two cell lines onto a 96-well plate. The two types of cells 

were maintained in their corresponding media for 48 h and then were harvested by 0.25% 
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trypsin. Then, each type of cell was suspended again and transferred into a new dish to 

achieve approximately 105 cells per milliliter. Then, the above solution (0.10 mL) was 

seeded into each well and incubated for another 24 h. 

Cytotoxicity assays were considered and determined from two aspects: pristine PVC 

microplastics and each bisphenol analogue. The pristine PVC microplastics (with the 

amount as 1.50 g·L-1) were first sonicated in MEM or DMEM for 10 min and were then 

immediately vortexed to obtain a stable solution prior to addition into the cells. Each 

bisphenol was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA) at a 

series of concentrations (0.10, 0.50, 1.00, 5.00, 10.00, 20.00, 50.00, 100.00, 150.00 and 

200.00 μM) for cytotoxicity measurements. The medium in the wells was replaced with 

either the PVC microplastics or the serial bisphenols-containing medium. All of the 

exposed cells were cultured for another 72 h at 291 K for L8824 and at 311 K for MCF-

7. 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) (10.00 μL, 

5 g·L-1) in phosphate-buffered saline (PBS, Sigma-Aldrich, USA) was added to each 

well. After 4 h, the medium was removed, and DMSO (100 μL) was added to dissolve 

the purple formazan precipitate. Finally, the light absorbance at 490 nm was determined 

using a multilabel plate counter (VICTOR X3, PerkinElmer, Washington, USA). Each 

cytotoxicity experiment was conducted with six replicates. A control study was also 

performed on the cells by exposing the cells to 0.5% DMSO-containing medium 

without bisphenols. 
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5.2.5 Desorption kinetics 

Desorption kinetics of bisphenols from the contaminated PVC microplastics were 

described by the first-order model4 illustrated as below: 
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where S0 and St are the mass of bisphenols adsorbed on the PVC microplastics (mg) at 

the initial time and the time t (h). krap, kslow and kvs (h−1) refer to rate constants for rapid, 

slow and very slow stage of the desorption, respectively. Frap, Fslow and Fvs are the 

fractions of desorbed bisphenols existing in the rapid, slow and very slow stages, 

respectively. 

 

5.2.6 Desorption isotherms 

Langmuir and Freundlich model was employed to fit the desorption processes with 

equations as follows:75   

Langmuir linear equation:  
1 1 1

e e m L mq c q k q
                      (Equation 5.6) 

Freundlich linear equation: 
1

ln ln lne F eq k c
n

                    (Equation 5.7) 

where ce is the concentration of each bisphenol at equilibrium (mg·L-1); qm is the 

maximum desorption capacity (mg·g-1); kF (mg-1/n·L-1/n·g-1) and kL (L·mg-1) are the 



-128- 

affinity constants of the Freundlich and Langmuir equations, respectively. n represents 

the surface heterogeneity factor.  

 

5.2.7 Adsorption/desorption hysteresis 

Hysteresis index (HI)241 was applied for the convenience of comparing sorption-

desorption process, which was calculated according to the equation below:7 

Hysteresis Index (HI)= 
d a

F F

a

F

k k

k


                                (Equation 5.8) 

where 
d

Fk  and 
a

Fk  are the partition coefficients of the bisphenols for desorption and 

adsorption, respectively. HI suggests the irreversibility of the adsorption process, with 

a higher value for more irreversible adsorption and the value of 0 for completely 

reversible adsorption. 

 

5.2.8 Proliferation reduction 

A concentration-effect curve fitting program, GraphPad Prism 7.0, was applied to 

obtain the IC50 values by nonlinear regression model. The IC50 values were expressed 

as mean ± standard error.  

 

5.3 Results and discussion 

5.3.1 Transfer behavior of bisphenols from the contaminated microplastics 

Our preliminary study found that a reversible process always accompanied the 

adsorption of bisphenols onto PVC microplastics.81 A study was further conducted on 

the desorption of bisphenols from contaminated PVC microplastics to determine the 
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desorption kinetics, desorption isotherm and adsorption/desorption hysteresis. The 

kinetics results were used to illustrate different desorption stages, while the isotherms 

reflected the equilibrium amount of each bisphenol released from the contaminated 

microplastics.  

5.3.1.1 Desorption Kinetics  

Kinetics studies were conducted to analyze the variation in bisphenol concentrations 

with prolonged desorption processes under the conditions of water and simulated 

intestinal environments of warm- and cold-blooded organisms. Figure 5.1 summarizes 

the desorption kinetics of the five bisphenols in the three different environmental 

conditions, and the results show that the release of bisphenols increased substantially 

during the first 5 h and then began to slow until reaching the desorption equilibrium at 

approximately 35 h.  
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Figure 5.1 Concentrations of the five different bisphenols in the desorption liquids of 

the water, cold-I and warm-I conditions, representing the desorption amounts of 

bisphenols from the contaminated PVC microplastics at different times during the 75 h 

desorption process. Water condition: pH 7.0 & 291 K; Cold-I condition: pH 7.5 & 291 

K; Warm-I condition: pH 6.5 & 311 K. Cold-I and warm-I conditions represent the 

simulated intestinal liquids of cold- and warm-blooded organisms, respectively (NaCl 

0.12 M, Na2CO3 0.02 M, and C26H44NNaO7S 15.5 mM).  

 

Based on these results, a first-order model (Eqations. 5.1-5.5) was applied to describe 

the desorption processes of the bisphenols from the contaminated microplastics, with 

the fitting results summarized in Table 5.1. The rapid fraction (Frap) of every bisphenol 
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had the highest value in the warm-I environment relative to the corresponding values 

for the other two environments, suggesting that the highest desorption rate of bisphenols 

is found in the intestinal liquid of warm-blooded organisms. The slow fraction (Fslow) 

of BPA, BPAF and BPB was observed with the highest value in the cold-I environment, 

indicating that the highest proportion of the above three bisphenols is desorbed slowly 

in the intestinal environment of cold-blooded organisms compared to the case in the 

other two environments. Meanwhile, the highest Fslow of BPF and BPS found in the 

water environment shows that the largest fraction of each of these bisphenols was 

released slowly in the aquatic environment relative to the other bisphenols. In the very 

slow stage, a significant decrease in the Fvs was found in the warm-I environment 

comparing to the other two conditions. This phenomenon indicated that a certain 

amount of adsorbed bisphenols, which may release in the very slow stage, was 

transferred to the rapid or slow fractions with the enhancement of warm-I environment. 

Since the Frap value is higher than the values of the other two fractions (Fslow and Fvs) 

for all of the bisphenols, the rapid stage can be regarded as the most crucial process that 

should be examined further. Therefore, the rapid rate constants (krap) of each bisphenol 

were selected for comparison among the different environments. Table 5.1 shows the 

calculated ratios of krap in the cold-I and warm-I environments to those in water. While 

the ratios of cold-I/water range from only 1.01 to 1.26, a much higher range (2.58-3.28) 

was observed for the corresponding warm-I/water ratios. The krap value for each 

bisphenol is very close in cold-I and water, indicating a similar rate of desorption in 
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both environmental conditions. However, as reflected from the krap ratios of warm-I to 

water, the bisphenols desorption rate can be enhanced by ~3 times in warm-I compared 

to those in cold-I and water environments, which may be due to deformation of the 

interstitial pore structure at lower pH values and the availability of additional energy at 

higher temperatures.  
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Table 5.1 First-order model fitted for bisphenol desorption from contaminated PVC microplastics in the water, cold-I, and warm-I conditions 

 

*krap, kslow and kvs (h−1) refer to the rate constants for the rapid, slow and very slow stages of desorption, respectively. 
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+ Frap, Fslow and Fvs are the fractions of desorbed bisphenols present in the rapid, slow and very slow stages, respectively.  

⁋ Ratio of the rapid rate constant (krap) in the cold-I or warm-I conditions to that in water.  

# Water: pH 7.0, 291 K; cold-I and warm-I conditions represent the simulated intestinal liquids of cold- and warm-blooded organisms. 
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5.3.1.2 Desorption Isotherms 

From the kinetic results above, a similar desorption behavior was observed under the 

water and cold-I conditions, while a significant difference was detected in the warm-I 

condition. Therefore, an isotherm study was then performed to compare the water and 

warm-I environments. Langmuir and Freundlich desorption isotherm models (Equation. 

5.6 and 5.7) were employed to describe the relationships between the bisphenol 

amounts on PVC microplastics after desorption (qe) and the bisphenol concentrations 

in the solution at equilibrium (ce)242, with the results summarized in Figure 5.2 and 

Table 5.2. The correlation coefficients (R2) of the Freundlich model range from 0.978 

to 0.996 in water and from 0.993 to 0.999 in the warm-I condition for all of the 

bisphenols, and these values are higher than the corresponding values obtained by 

Langmuir modeling (0.891 ~ 0.989 in water and 0.978 ~ 0.997 in the warm-I condition). 

Better fitting of the experimental data was observed for the Freundlich model than for 

the Langmuir model, indicating a multiple-layer process of bisphenols desorption from 

the contaminated microplastics, which is in agreement with our previous adsorption 

results.81  
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Figure 5.2 Desorption isotherms of the five bisphenols from the contaminated PVC 

microplastics fitted by Langmuir and Freundlich models under the water and warm-I 

conditions. The correlation coefficients obtained by Freundlich fitting (0.978 ~ 0.996 

in water and 0.993 ~ 0.999 in the warm-I condition) are higher than those for the 

Langmuir equation (0.891 ~ 0.989 in water and 0.978 ~ 0.997 in the warm-I condition), 

indicating the better fitting by the Freundlich model. Water condition: pH 7.0 & 291 K. 

The warm-I condition (pH 6.5 & 311 K) represents the simulated intestinal liquids of 

warm-blooded organisms (NaCl 0.12 M, Na2CO3 0.02 M, and C26H44NNaO7S 15.5 

mM). 
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Table 5.2 Parameters of Langmuir and Freundlich isotherm models fitted by the data 

of bisphenols desorption from PVC microplastics 

  Langmuir Model Freundlich Model 

  d

Lk   

(L·mg-1) 

R2 d

Fk  (mg-1/n·L-

1/n·g-1) 

n R2 

Fresh 

water 

BPA 13.65 0.959 1.033 1.51 0.994 

BPAF 2.51 0.989 1.933 1.16 0.993 

BPB 4.25 0.981 1.669 1.20 0.996 

BPF 16.91 0.920 1.388 1.59 0.989 

BPS 23.32 0.891 1.661 1.65 0.978 

Warm-I 

BPA 2.53 0.978 0.398 1.22 0.996 

BPAF 1.08 0.997 0.465 1.15 0.999 

BPB 1.63 0.993 0.428 1.17 0.998 

BPF 2.08 0.990 0.387 1.18 0.993 

BPS 2.69 0.988 0.341 1.21 0.997 

n is surface heterogeneity factor. d

Lk  (L·mg-1) and d

Fk  (mg-1/n·L-1/n·g-1) represent the 

affinity constants of the Langmuir and Freundlich equations, respectively. 

 

According to the Freundlich model, the slope and intercept correspond to (1/n) and d

Fk , 

respectively. The value of n  1 for each bisphenol indicates that the desorption is 

nonlinear and favorable, implying that the desorption may be enhanced with increased 

amounts of bisphenols initially adsorbed onto the PVC microplastics243. Moreover, the 

value of d

Fk  (Table 5.2) for each bisphenol in the water was larger than the 

corresponding value in the warm-I condition, which may be due to the higher affinity 

between the bisphenol and PVC microplastics in the water environment.207,241 In the 

other words, the desorption degree of bisphenols from PVC microplastics was relatively 

lower in the water condition. Moreover, the order of d

Fk  (water) > a

Fk  (water) > d

Fk  

(warm-I) also suggested that the hysteresis may occur in the water condition rather than 

the warm-I condition. Thus, a part of the adsorbed bisphenols will be irreversibly 
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retained in PVC microplastics in the water condition. Based on these results, the 

desorption routes of the bisphenols may be different under these two environmental 

conditions, requiring further examination.  

 

5.3.2 Hysteresis analysis 

Adsorption/desorption hysteresis, which is a consequence of the difference between the 

routes of the adsorption and desorption processes, was observed for the five bisphenols 

on PVC microplastics under the water and warm-I conditions. The parameters obtained 

from the isotherm measurements are summarized in Table 5.3, together with the 

adsorption data from our previous study81 and the desorption data under both the water 

and warm-I conditions of this study. It was observed that there was no 

adsorption/desorption hysteresis in the simulated intestinal conditions of warm-blooded 

organisms, with the d

Fk  value of each bisphenol in the warm-I condition lower than the 

corresponding a

Fk  value of the bisphenol in the water. This phenomenon can be 

further explained by the fact that the desorption of bisphenols was promoted under 

conditions with a lower pH and higher temperature. However, clear 

adsorption/desorption hysteresis was observed for bisphenols in the water condition, 

demonstrating that the bisphenol adsorption by PVC microplastics may not be fully 

reversible. 

Hysteresis results can be classified as either artifacts244 or true hysteresis245, with the 

artifacts mainly caused by adsorbate loss and incomplete desorption. Adsorbate loss 
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occurs due to degradation, volatilization, and glass-wall adsorption244. However, in our 

case, degradation is unlikely to occur because NaN3 salt was added to all of the solutions 

to avoid any degradation. Moreover, control experiments showed that the mass losses 

of all bisphenols were less than 3%, implying that glass-wall adsorption can be 

neglected. In addition, adequate time (48 h for adsorption and 75 h for desorption) was 

provided in this study to reach adsorption/desorption equilibrium for the bisphenols in 

the water condition. Hence, it is unlikely that artifacts are the primary origin of the 

hysteresis phenomenon observed in this study. True hysteresis may be derived from 

two sources, namely, the formation of irreversible bonding between the sorbents and 

sorbates241 and the entrapment of the sorbates by the intrinsic structure of the 

sorbents246,247. In our previous study81, noncovalent bonding (hydrogen and halogen 

bonding) was reported to be involved in bisphenol adsorption onto PVC microplastics 

and may give rise to the adsorption/desorption hysteresis. The specific surface area of 

the pristine microplastics is 9.77 ± 0.28 m2·g-1, while that of the microplastics after 

desorption is 8.64 ± 0.51 (water) and 11.12 ± 0.32 (warm-I) m2·g-1, indicating different 

desorption behavior of bisphenols in water and warm-I conditions. In water, bisphenols 

can be entrapped in the dense and glassy structure235,248 of the PVC microplastics, 

which therefore plays a substantial role in giving rise to the irreversible desorption. 

However, with larger porosity of the microplastics in Warm-I conditions, the desorption 

rate of bisphenols can be enhanced. 

 



-140- 

Table 5.3 Parameters from Freundlich modeling and hysteresis analysis for the 

adsorption/desorption of bisphenols on PVC microplastics 

 Adsorption* 

(water) 

Desorption 

(water) 

Desorption 

(warm-I+) 

 a

Fk
# n# R2 # d

Fk
# n# R2 # HI⁋ d

Fk
# n# R2 # HI⁋ 

BPA 0.801 1.21 0.994 1.033 1.512 0.995 0.289 0.398 1.218 0.997  < 0 

BPAF 1.458 1.14 0.993 1.933 1.155 0.994 0.326 0.465 1.154 0.999  < 0 

BPB 1.182 1.16 0.993 1.542 1.237 0.996 0.304 0.428 1.179 0.999  < 0 

BPF 0.575 1.13 0.993 0.720 1.594 0.991 0.252 0.388 1.186 0.993  < 0 

BPS 0.503 1.15 0.995 0.602 1.649 0.971 0.197 0.341 1.207 0.998  < 0 

* Adsorption parameters were taken from Wu et al.81 

# a

Fk and d

Fk (mg-1/n·L-1/n·g-1) are the Freundlich constants for adsorption and desorption, 

respectively. n is the surface heterogeneity constant. R2 is the correlation coefficient of 

the model. 

⁋ HI is the hysteresis index 

+ Warm-I represents the simulated intestinal liquids of warm-blooded organisms. 

 

Furthermore, the hysteresis index (HI) of each bisphenol was calculated and is listed in 

Table 5.3, while the hysteresis loops were illustrated in Figure 5.3.  It was observed 

that the HI of the adsorption/desorption processes in water increased in the order of 

BPS < BPF < BPA< BPB < BPAF. Moreover, the correlation analysis presented in 

Figure 5.4 further illustrates the excellent linear association (R2 = 0.975) between the 
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HI and log Dow data sets, showing a positive correlation between the 

adsorption/desorption hysteresis and the hydrophobicity of the bisphenols. Moreover, 

more hydrophobic bisphenols (e.g., BPAF and BPB with higher log Dow value) can be 

more easily entrapped in the inner spaces of the glassy PVC microplastics due to 

micropore filling45, but this is energetically unfavorable for their subsequent desorption 

into the bulk aqueous solution. However, the less-hydrophobic bisphenols (BPS and 

BPF) appear to be unlikely to enter the inner polymeric domain because of surface 

adsorption by PVC microplastics, as reported by Wu et al.81. As a result, the desorption 

of BPS and BPF from the contaminated PVC microplastics was more reversible than 

that of the other bisphenols.  
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Figure 5.3 Sorption and desorption isotherms of five bisphenols on the PVC 

microplastics in freshwater. 
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Figure 5.4 Correlation between the octanol-water partition coefficient (log Dow) for the 

five bisphenols and the adsorption/desorption hysteresis index (HI) in the water 

condition. The correlation coefficient is 0.975, indicating the critical effect of 

hydrophobic interactions on the adsorption/desorption hysteresis of bisphenols from the 

contaminated PVC microplastics.  

 

5.3.3 Effect of solution pH on desorption of the bisphenols 

Figure 5.5 illustrates the effect of pH on the desorption of bisphenols. Firstly, the 

desorption amount was decreased with the increased pH value from 0.070 to 0.062 

mg·L-1 for BPA, 0.082 to 0.071 mg·L-1 for BPAF, 0.081 to 0.070 mg·L-1 for BPB, 0.064 

to 0.059 mg·L-1 for BPF, and 0.059 to 0.056 mg·L-1 for BPS, respectively. However, 

at pH values higher than each acid dissociation constant of BPA (pKa = 9.5), BPB (pKa 
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= 10.1), BPAF (pKa = 8.2), BPF (pKa = 7.55), BPS (pKa = 9.2), the desorption amount 

was found to increase with the further elevated pH value. This phenomenon was 

attributed to the electrical repulsion generated between PVC microplastics and 

bisphenols. The majority of the bisphenols would be deprotonated and exist as anions 

in conditions with pH higher than pKa, while the surface of PVC microplastics is 

negatively charged in the solution when pH value is higher than its zero-point charge 

(pHpzc 3.41) (Figure 4.9). Therefore, the concentration of each chemical in the solution 

would be enhanced by electrostatic repulsion between PVC microplastics and the 

anionic fractions partially ionized from the bisphenols. However, in the acidic condition 

where the bisphenols mainly exist as molecules, the affinity between the PVC 

microplastics and the target molecules mainly relies on the hydrophobic interactions 

rather than electrostatic repulsion. Therefore, a further pH increase in acid condition 

will inhibit the bisphenols desorption due to the increased hydrophobic interactions. 
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Figure 5.5 Desorption of bisphenols in conditions with different pH values. The 

desorption experiment was carried out in solutions at 291 K, stirring at 200 rpm until 

reaching the equilibrium. The initial amounts of the five bisphenols adsorbed on PVC 

plastics were within the range of 0.787-1.050 mg·g-1. 

 

5.3.4 Effect of solution temperature on desorption of the bisphenols 

Figure 5.6 of Section III demonstrates the desorption of bisphenols from the 

contaminated PVC microplastics in solutions with different temperatures (281, 291, 

301, 311K). The results show that the desorption amounts were largely enhanced in the 

solutions with higher temperatures, with the value of 0.052 to 0.081, 0.058 to 0.092, 

0.055 to 0.090, 0.045 to 0.072, and 0.041 to 0.065 mg·L-1 for BPA, BPB, BPAF, BPF, 

and BPS, respectively. The increase in bisphenol desorption with elevated temperatures 

can be explained by thermodynamic behavior of the compounds. The bisphenol 

molecules possessing polar group are able to have electrostatic interaction with the 
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surface of PVC microplastics. At higher temperatures, the equilibrium will be shifted 

to the reverse side, causing more molecules released from the contaminated 

microplastics. 

 

 

Figure 5.6 Desorption concentration of bisphenols in conditions with different 

temperatures. The desorption experiments were carried out in solutions at 291K, stirring 

at 200 rpm until reaching the equilibrium. The initial amounts of the five bisphenols 

adsorbed on PVC plastics were within the range of 0.787-1.050 mg·g−1 at pH 7.0. 

 

5.3.5 Cytotoxicity and Potential Health Effects of Bisphenol-Contaminated PVC 

Microplastics  

To evaluate the potential health effects of bisphenol-contaminated microplastics, the 

cytotoxicity of pristine PVC microplastics and bisphenols was tested on both grass carp 
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hepatocyte (L8824) and breast adenocarcinoma (MCF-7) cell lines. The corresponding 

viability of both cell lines was measured via the MTT method, and the data in Figures 

5.7 and Figure 5.8 illustrate the effect of bisphenols and pristine PVC microplastics on 

the cell viability, respectively. An examination of the results shows that the pristine 

PVC microplastics (with a concentration of 1.5 g·L-1) did not display obvious 

cytotoxicity toward either L8824 or MCF-7 cells, which still maintained a log-growth 

phase. However, with an increased dosage of bisphenols, the cell viability was found 

to increase slightly and then decrease clearly (Figure 5.6a). Table 5.4 lists the IC50 

values of the bisphenols, and it was observed that the IC50 of each bisphenol for L8824 

showed a slightly lower value than the corresponding value for MCF-7. The obvious 

impairment of both cell lines is clearly illustrated by the data presented in Figure 5.7a, 

and the IC50 values (Table 5.4) for both cell lines follow the same order of BPAF < 

BPB < BPF < BPA < BPS. With an IC50  10 μM, BPAF exhibited the strongest ability 

to induce acute cytotoxicity effects248 in both cell lines, while BPB expressed an acute 

cytotoxicity effect toward the L8824 cells. In addition, as the bisphenol with the lowest 

cytotoxicity in this study, BPS showed IC50 values for L8824 and MCF-7 that were 

10.46 and 7.35 times higher than those for BPAF, respectively. The comparable IC50 

values for MCF-7 were also reported in previous studies,249,250 as well as a similar 

cytotoxicity sequence of different bisphenol analogues.251,252 The differences in the 

toxic sensitivities of the cells to the chemicals may originate from the physiochemical 

properties of the materials such as hydrophobicity, and solubility.250 Generally, 
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chemicals with a relatively low hydrophobicity always exhibit low toxicity,249,250 which 

is consistent with our findings that the IC50 values increase with decreasing 

hydrophobicity for most of the bisphenols (BPAF, BPB, BPA and BPS). However, 

different behavior is observed for BPF, which showed a higher toxic effect than that of 

BPA but had a lower log Dow (2.80 of BPF vs 3.32 of BPA). As reported in our previous 

study, BPAF, BPB, BPA and BPS are found mainly in the molecular form in neutral 

conditions, while the solubility of BPF can be enhanced by a higher degree of 

deprotonation. Therefore, higher cytotoxicity was observed for BPF than for BPA, 

which may be due to the increased combination of BPF with proteins.251 In addition to 

the properties of the chemical itself, bioaccessibility has also been regarded as a critical 

feature in evaluating potential health risks.252 In this study, the bioaccessibility of 

contaminated microplastics was characterized by the desorption performance of the 

bisphenol-contaminated PVC microplastics. After desorption in the water and warm-I 

conditions, the concentrations of the five bisphenols were measured, with the obtained 

results listed in Table 5.5. For a common scenario (initial bisphenols concentration as 

0.1 mg·L-1), 1.8%-15.3% of bisphenols were desorbed from the PVC microplastics in 

water, but 43.7%-54.0% were desorbed in the warm-I conditions. Meanwhile, in the 

limiting scenario (initial bisphenols concentration as 2.0 mg·L-1), 24.9-43.1% of the 

bisphenols were desorbed from the PVC microplastics in water, but 58.4%-63.1% were 

desorbed in the warm-I condition (Figure 5.7b). Such high bioaccessibility of the 
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bisphenol-contaminated microplastics in the warm-I condition may be due to the lower 

pH and higher temperature, as discussed in the kinetics study section. 

 

Figure 5.7 (a) Cell viability after incubation with bisphenols for a grass carp hepatocyte 

cell line (L8824) and breast adenocarcinoma cells (MCF-7). **: p < 0.01. (b) 
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Bioaccessibility of the bisphenols from the contaminated PVC microplastics in the 

water (striped bars) and warm-I conditions (gray bars). 

 

Figure 5.8 Cell viability after incubation of printine PVC microplastics for grass carp 

hepatocyte cell lines (L8824) and breast adenocarcinoma cells (MCF-7). 
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Table 5.4 IC50 values (μM) of the bisphenols to L8824 and MCF-7 cell lines 

 
L8824 (μM) L8824 (mg·L-1) MCF-7 (μM) MCF-7 (mg·L-1) 

BPA 16.19 ± 3.22* 3.70 ± 0.73 36.88 ± 4.46 8.42 ± 1.02 

BPAF 3.43 ± 0.54 1.15 ± 0.18 7.87 ± 3.98 2.65 ±1.34 

BPB 9.67 ± 0.92 2.34 ± 0.23 21.65 ± 4.92 5.25 ± 1.19 

BPF 11.29 ± 2.12 2.26 ± 0.43 31.89 ± 1.69 6.39 ± 0.34 

BPS 35.89 ± 6.01 8.98 ± 1.51 57.92 ± 7.76 14.50 ± 1.95 

* The data was reported as “mean ± standard error” based on six replicates. 

 

Accordingly, the proliferation reductions in L8824 and MCF-7 were calculated and 

summarized in Table 5.5. The proliferation reduction values of BPA, BPAF, BPB, BPF 

and BPS in the water environment, were 20.08%, 32.70%, 26.25%, 27.15% and 12.89%, 

respectively, for L8824 and 12.36%, 24.19%, 18.79%, 20.83%, and 12.56%, 

respectively, for MCF-7, while they were 29.75%, 46.31%, 36.95%, 33.24% and 

17.59%, respectively, for L8824 and 21.75%, 36.87%, 29.53%, 26.54% and 17.33%, 

respectively, for MCF-7 in the warm-I condition.  
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Table 5.5 Desorbed concentration of each bisphenol and its potential cytotoxicity for L8824 and MCF-7 in water and warm-I conditions 

 Bisphenols 
Water 

(μM) 

Water 

(mg·L-

1) 

Cytotoxicity 

(L8824, %) 

Cytotoxicity 

(MCF-7, %) 

Warm-

I 

(μM) 

Warm-I 

(mg·L-1) 

Cytotoxicity 

(L8824, %) 

Cytotoxicity 

(MCF-7, %) 

Low 

concentration 

(0.1 mg·L-1) 

BPA 0.031 0.007 - - 0.140 0.032 - - 

BPAF 0.036 0.012 - - 0.104 0.035 - - 

BPB 0.041 0.010 - - 0.140 0.034 - - 

BPF 0.035 0.007 - - 0.139 0.028 - - 

BPS 0.039 0.001 - - 0.108 0.027 - - 

High 

concentration 

(2 mg·L-1) 

BPA 1.45 0.33 20.08 12.36 3.05 0.70 29.75 21.75 

BPAF 1.07 0.36 32.70 24.19 2.50 0.84 46.31 36.87 

BPB 1.53 0.37 26.25 18.79 3.30 0.80 36.95 29.53 

BPF 1.87 0.38 27.15 20.83 2.95 0.59 33.24 26.54 

BPS 1.54 0.39 12.89 12.56 2.28 0.57 17.59 17.33 

(with both units as μM and mg·L-1)
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5.4 Chapter summary 

The conclusions of this study can be further emphasized, as described below, with 

respect to the transfer/release behaviors and potential toxicity of bisphenols-

contaminated PVC microplastics. The release of bisphenols is much more serious 

in the simulated intestinal environment (warm-I conditions) than in the aquatic 

environment (water). The enhanced bioaccessibility indicates that the health risk 

for contaminated PVC microplastics may be significantly increased after ingestion. 

The released bisphenols play a crucial role in the potential toxicity, and 

microplastics acting as a vector for bisphenols and even other pollutants may 

provide a critical route for increasing the potential health risks. 
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Chapter 6    Conclusion and Perspective Work 

In this thesis, six chapters reflected the studies on the occurrence, determination, 

and environmental fate of MPs in aquatic systems. Chapter 2 investigated the 

spatial-temporal distribution of MNPs in representative urban river. The abundance 

of MPs in dry season is correspondingly higher than those observed in wet season 

(p value < 0.05). Meanwhile, the scale of 0.1 - 1 mm occupied for 47.1 - 75.0% of 

the total amount of the detected microplastics. The transparent and fragment were 

found as the predominant color and shape in the Maozhou River. Thus, the 

Maozhou River was considered to be seriously contaminated with microplastics in 

large water bodies of China.  

Chapter 3 focuses on developing an MS-based method for MNPs determination. PS 

and PET were clearly identified by the molecular weight of the corresponding 

oligomer, with the coefficient quantification of more than 0.96 for LM-polymers 

and 0.98 for HM-polymers after optimization. Then both fresh and aged MPs 

extracted from two environmental samples were further verified the availability of 

the technique with the RSD less than 25%, which can be regarded as promising 

quantification results.  

Chapter 4 explored the adsorption behavior and mechanisms of five bisphenol 

analogues on PVC microplastics. The results of kinetic and isotherm modeling 

predicted a better fitting of the adsorption results to pseudo-second order and 

Freundlich isotherm, respectively. Moreover, the adsorption results also indicate a 
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positive effect of hydrophobic interaction on bisphenol adsorption but an obvious 

inhibition by electrostatic repulsion. Noncovalent interactions including hydrogen 

and halogen bonds have also been identified as critical mechanisms for the 

adsorption of bisphenols on PVC microplastics.  

Chapter 5 explored the desorption or release behaviors of contaminants-attached 

microplastics. The results showed that the release of bisphenols is much more 

serious in the warm-I conditions than that in the aquatic environment. The enhanced 

bioaccessibility indicates that the health risk for contaminated PVC microplastics 

may be significantly increased. The released bisphenols play a crucial role in the 

potential toxicity, and microplastics acting as a vector for bisphenols and even other 

pollutants may provide a critical route for increasing the potential health risks.  

On this stage, we demonstrated the occurrence, determination, and environmental 

fate of microplastics in the aquatic system. However, there are two limitations in 

our study. First, the microplastics applied in the laboratory studies of this thesis are 

original chemical materials, which may be different with the results obtained by the 

application of aged microplastics in the environments. Secondly, the deleterious 

impacts of microplastic exposure are still controversial and not yet fully understood. 

In future, the correlation between aged microplastics and organic pollutants will be 

further explored, with more detailed mechanism study. Moreover, MALDI-TOF 

MS coupled with imaging can be further applied to reveal the mechanisms of 
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biological inflammation and diseases caused by MNPs accumulation and 

translocation.  
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