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Abstract 32 

Micro(nano)plastics pollution is a noxious menace not only for mankind but also for marine life, as removing 33 

microplastics (MPs) is challenging due to their physiochemical properties, composition, and response toward 34 

salinity and pH. This review provides a detailed assessment of the MPs pollution in different water types, 35 

environmental implications, and corresponding treatment strategies. With the advancement in nanotechnology, 36 

mitigation strategies for aqueous pollution are seen, especially due to the fabrication of nanosheets/membranes 37 

mostly utilized as a filtration process. Two-dimensional (2D) materials are increasingly used for membranes due 38 

to their diverse structure, affinity, cost-effectiveness, and, most importantly, removal efficiency. The popular 2D 39 

materials used for membrane-based organic and inorganic pollutants from water mainly include graphene and 40 
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MXenes however their effectiveness for MPs removal is still in its infancy. Albeit, the available literature asserts 41 

a 70-99% success rate in micro/nano plastics removal achieved through membranes fabricated via graphene oxide 42 

(GO), reduced graphene oxide (rGO) and MXene membranes. This review examined existing membrane 43 

separation strategies for MPs removal, focusing on the structural properties of 2D materials, composite, and how 44 

they adsorb pollutants and underlying physicochemical mechanisms. Since MPs and other contaminants 45 

commonly coexist in the natural environment, a brief examination of the response of 2D membranes to MPs 46 

removal was also conducted. In addition, the influencing factors regulate MPs removal performance of membranes 47 

by impacting their two main operating routes (filtration and adsorption). Finally, significant limitations, research 48 

gaps, and future prospects of 2D material-based membranes for effectively removing MPs are also proposed. The 49 

conclusion is that the success of 2D material is strongly linked to the types, size of MPs, and characteristics of 50 

aqueous media. Future perspectives talk about the problems that need to be solved to get 2D material-based 51 

membranes out of the lab and onto the market. 52 

Keywords: Microplastics, Membranes, 2D material, Graphene, MXene  53 

 54 

1 Introduction 55 

 European plastics production analyses reported that global plastics output consumption and waste production 56 

in 2019 was estimated to be over 370 million tons (Mt) (Association of Plastic Manufacturers, 2020). More 57 

specifically, it is estimated that more than half of the yearly worldwide plastic produced, about 300 Mt (compared 58 

to 1.5 Mt produced in 1950), has ended up in landfills (Tiseo, 2020). A total of 12 billion tons of plastic garbage 59 

is expected to be dumped in landfills or released into the environment by 2050. Plastic waste accounts for much 60 

of the fuel used in trash incinerators and emits carbon dioxide. Worldwide, large amounts of plastic trash are 61 

discarded into the environment, contributing to the problem of white pollution (Editorial, 2021). According to an 62 

earlier study, over 8 million tons of plastic trash enter marine each year, which is projected to increase even more 63 

by 2030 (Zhang et al., 2020a). Furthermore, because plastics are difficult to breakdown organically, poorly 64 

discarded plastics end up in the ocean and build over time through land waste, sewage runoff, rivers, and wind. 65 

Plastics collected in the environment can progressively degrade into MPs and even nanoplastics (NPs). Prior 66 

research on plastic trash focused on the ocean's surface but now includes deeper seas, sediments, freshwater, soil, 67 

air, and biological systems (Geyer et al., 2017). In the recent decade, concern has grown regarding MPs and Nps 68 

in the environment. MPs are fewer than 5 mm synthetic plastic particles originating from the breakdown of larger 69 



resins (Mehmood and Peng, 2022). MPs are released from primary (directly from the source) or secondary source 70 

form by UV radiation (photo-oxidation), crevice corrosion (e.g., wave impact), and microbial biodegradation 71 

(Chamas et al., 2020). Different sources of MPs actively contaminating water bodies are shown in Figure 1. Micro- 72 

and neoplastic particles can enter the food chain and damage humans (Smith et al., 2018). Thus, only reducing 73 

plastic emissions and expanding collection efforts will reduce plastic pollution in water bodies.  74 

MPs have been removed from water in several ways. Although wastewater treatment facilities (WWTPs) can 75 

remove 95% of MPs (Malankowska et al., 2021), some can still permeate the aquatic environment. Due to the 76 

volume of wastewater discharged by WWTPs, 15,000 to 4.5 million MPs items are released to surface water daily, 77 

regardless of treatment efficacy (Yang et al., 2019). The common treatments in WWTPs, such as coagulation, did 78 

not prove effective for MPs removal (Ma et al., 2019a). Ozonation is a modern method for treating MPs; 79 

nevertheless, it is mostly ineffective in some situations since it primarily breaks down large MPs into smaller 80 

ones, increasing output concentration relative to input (Wang et al., 2020c). 81 

Moreover, inadequate ozone management can lead to the formation of harmful intermediate compounds. 82 

Although wastewater treatment plants have implemented multi-stage water treatment, many MPs are still released 83 

into the water system. Previous research has found that primary treatment at WWTPs may eliminate 45 percent 84 

of MPs (Wu et al., 2016). Following treatment, 50% of MPs in wastewater may be removed (Pannetier et al., 85 

2019). 86 

From a practical standpoint, such advanced multi-stage water treatment (membrane filtration followed by 87 

primary and secondary treatment) severely limits its application on a broad scale. Membrane filtration methods 88 

are classified as nanofiltration (NF), microfiltration (MF), ultrafiltration (UF), and reverse osmosis (RO) based 89 

on separation membranes' distinct architectures and properties (Pauzan et al., 2022). 90 

To date, many tactics or materials have been used to address this issue. MPs have been treated using a variety 91 

of approaches, including coagulation (Auta et al., 2017), extraction (Hu and Palić, 2020), and biological 92 

degradation (Revel et al., 2018; Mehmood et al., 2022). Furthermore, Wang et al. (2019b) used a TiO2-based 93 

photocatalytic micromotor for MPs removal. Chen et al. (2020b) developed a novel acetone-assisted 94 

manufacturing technique for a variety of Zr-MOF foam materials, as well as their outstanding use in MPs removal 95 

simulation. Though these approaches have made significant progress toward efficient MPs removal, there is still 96 

a significant obstacle to overcome, as each method has its own limitations, such as the inability to handle small 97 

MPs or the inapplicability for large MPs, difficulty in large-scale processing, high energy consumption, or 98 

incapacity to operate in specific environments. As a result, there is an urgent need to develop novel technologies 99 



to effectively remove MPs (Talvitie et al., 2017a). Following tertiary treatment, around 2% of MPs with particle 100 

sizes smaller than 20 µm remain observable (Carr et al., 2016; Murphy et al., 2016), and this component of the 101 

MPs must be eliminated using membrane technology. 102 

Depending on the size of the MPs, membrane type, and pore shape, membrane filtration can restrict the escape 103 

of MPs from wastewater. Researchers have proposed combined reverse osmosis (RO) and ultrafiltration (UF) 104 

membranes for virtually entirely remove MPs (Carr et al., 2016). Most membrane materials are organic polymers 105 

with low chemical resistance, restricted water permeability, and contamination risk (Murphy et al., 2016). 106 

Therefore, membranes with high water flow and MPs removal efficiency are needed. Inorganic two-dimensional 107 

(2D) multilayer membranes with excellent chemical and heat resistance, such as GO and MXene, provide 108 

significant separation and purification potential (Talvitie et al., 2015; Sun et al., 2019). In addition to assisting the 109 

membrane in the removal of MPs via adsorption, degradation, catalytic degradation, and filtration (Meng et al., 110 

2022; Yang et al., 2022a), these materials are also used to reinforce the membrane material and prevent MPs 111 

release (Huang et al., 2021). 112 

Nanofiltration membrane technology is widely used for desalination and water purification. Membrane 113 

filtration may limit the escape of MPs depending on their size, the membrane type, and pore structure, making it 114 

a very practical solution to the MPs in wastewater problems. Luogo et al. (2022) stated that under specific 115 

experimental conditions, two ceramic membranes composed of SiC and ZrO2 have MPs removal rates from 116 

washing wastewater of 99.2 and 98.55 percent, respectively. Fryczkowska et al. (2021) found that the composite 117 

membranes made of polyacrylonitrile and rGO (rGO/PAN) had high rejection effectiveness for removing MPs 118 

from industrial effluent. Two-dimensional inorganic materials rely on interlayer gaps for aqueous separation, 119 

resulting in limited water flux.  120 

Given MPs' direct and indirect hazards, searching for an efficient and environmentally friendly treatment 121 

method is imminent. Currently, the emission inventories (Bradney et al., 2019), distribution (Fu et al., 2020), 122 

transport (Guo et al., 2020), toxicity (Chen et al., 2020a), accumulation (Xu et al., 2020a), and risk (Ma et al., 123 

2020b) are significant issues. However, removing MPs from aqueous media impedes water management, 124 

environmental sustainability, and health. Numerous factors, such as the type, composition, aging, coexistence 125 

with other pollutants, and membrane material, impact MPs removal. To the best of our knowledge, no complete 126 

evaluation of available literature on 2D material-based membranes and their efficiency for MPs removal has been 127 

conducted. This review addressed the recent literature on MPs contamination in different types of water, including 128 

groundwater, drinking water, marine water, wastewater, and stormwater, and the environmental implications of 129 



MPs pollution. The current review focuses on perspectives and breakthroughs in synthesis, characterization, and 130 

variables influencing various 2D material-based membranes such as graphene, GO, rGO, and MXenes. A 131 

summary of factors impacting filtration and adsorption efficiencies of 2D material-based membranes is also 132 

included. This review presents both professionals and novices with broad principles and proposals for future study 133 

by combining and critically analyzing recent accomplishments in MPs removal technologies research on a variety 134 

of 2D material-based membranes. 135 

2 MPs contamination of water 136 

A recent review concluded that MPs (<5 mm) pollution had become a global environmental problem, and its 137 

accumulation in the environment is increasing, and the worldwide share of MPs in plastic pollutants will reach 138 

13.2% by 2060 (Sharma et al., 2021). Polyamide (PA), polystyrene (PS), polyethylene terephthalate (PET), 139 

polypropylene (PP), polyvinyl chloride (PVC), and polyethylene (PE) are major plastics types found in water 140 

(Browne et al., 2008). Numerous studies summarized in table 1 have shown that MPs have polluted soils, water 141 

(including rivers, lakes, and oceans), and air (Fischer et al., 2016; Mehmood and Peng, 2022). The distribution of 142 

MPs is ubiquitous, and its distribution involves all latitudes of the Earth, even the Antarctic and the Arctic. 143 

Therefore, MPs contamination in water is particularly of major concern in the scientific community. In this 144 

section, the MPs contamination in different water types is discussed in detail.  145 

2.1 MPs in wastewater and sewage 146 

Wastewater treatment plants and combined sewer overflows are common pathways for MPs to enter the 147 

environment (McDougall et al., 2022), through treated effluent discharge, particularly after substantial rainfalls 148 

(Polanco et al., 2020). Wastewaters usually comprise different MPs forms including PE, PET, and PA (Sun et al., 149 

2019). MPs quantities vary in treated and un-treated wastewater; for instance, the number of plastic particles was 150 

estimated as 447 particles L-1 in treated effluents (Simon et al., 2018), while untreated wastewater had a huge 151 

number of > 10,000 particles L-1 (particles retained on a 10 μm steel filter). In addition, cosmetic products, such 152 

as toothpaste and facial cleaners with added microbeads, directly add MPs into the wastewater. Along with 153 

synthetic clothing made of polyester and nylon, the washing process results in thousands of shed MPs fibers that 154 

accumulate in the sewage water. The water then enters wastewater treatment plants where they are filtered. Most 155 

water that comes through the sewage system this way is from households and other municipal services such as 156 

laundry and textile services. Other similar products like ropes can also shed plastic fibers into local sewage. Road 157 

paint particles can also be introduced into sewage as runoff (Coppock et al., 2017). Although 99.9% of the MPs 158 



can be filtered from wastewater, the MPs extracted can end up in sludge used as fertilizer, and MPs, are washed 159 

away after use and pollute the marine habitats (Lares et al., 2018). 160 

 Within the collected MPs found in the sewage system, it was found that MPs fibers were much more common 161 

than other MPs particles. One study found that polyester fibers made up 79.1% of all the MPs they had collected 162 

in their sample of multiple water plants (Lares et al., 2018). They were described to be equally thick and bent. Of 163 

the MPs polymers found in sewage plants, the most abundant was PE, which constituted 63.9% of the MPs 164 

polymers. The next most common type of plastic is PP. They make up most of the plastic particles found (Figure 165 

1). They were the most present in sewage wastewater and came in different fragment shapes. Although the overall 166 

concentration of MPs particles is relatively low, the general discharge of MPs builds over time. 167 

Wastewater also contains a high concentration of other elements like dissolved organic species. Such 168 

elements can influence the adsorption capability of MPs. For instance, humic acid can reduce or enhance the 169 

pharmaceutical pollutants' adsorption on MPs (Xu et al., 2021b; Upadhyay et al., 2022). However, pharmaceutical 170 

adsorption also depends on certain environmental factors like pH, salinity level, and temperature in wastewater 171 

(Puckowski et al., 2021). The excessive use and production of plastics threaten environmental sustainability and 172 

disturb aquatic life stability.  173 

2.2 MPs in stormwater 174 

Rainfall transports MPs into surface water from urban units such as garbage or litter, highways, soils, landfills, 175 

and biosolid-applied land (Koutnik et al., 2022). Urban road flush is commonly thought to be the principal source 176 

of MPs in stormwater control measures (SCM), which can catch these MPs and limit runoff, remove stormwater 177 

pollutants such as sediments, and minimize pollution downstream SCM (Mehmood et al., 2021; Österlund et al., 178 

2022). Ziajaromi et al. (2020a) stated that 0-3500 MP items/kg were present in stormwater retention ponds in 179 

Australia; however, in river shore sediments, it was estimated as 4000 particles/kg and 11-3153 items/kg by Klein 180 

et al. Klein et al. (2015) and Liu et al. Liu et al. (2019c) respectively. In earlier studies, MPs concentrations in 181 

regions with no/less stormwater have also been reported (Free et al., 2014). According to recent studies, many 182 

researchers, however, focused on enhanced sampling techniques and advancements in detecting technologies and 183 

discovered a significant rise in MPs. In another study, Liu et al. (2019b) identified 1511-127, 986 plastic items 184 

per kg in stormwater retention ponds (in Denmark). Dikareva and Simon (2019) identified land use and 185 

urbanization as the reasons for the upsurge in MPs in urban tributaries. Despite evidence of MPs subsurface 186 

mobility after intermittent rainwater infiltration, the extent to which accumulated MPs can travel lower in SCM 187 

in field settings is unknown (Koutnik, 2022).  188 



2.3 MPs in marine and seawater 189 

Prior research has shown the sources of plastic litter and other toxins in the lagoon, lakes, rivers, and other 190 

bodies of water. MPs contribute to water pollution through various demodectic and economic activities, including 191 

residential rubbish dumping, aquaculture, fishing, river discharge, and commerce (Jiang et al., 2022). Plastic 192 

debris is everywhere, including the Indian Ocean and North Atlantic, Mediterranean Sea, even extending to the 193 

south of the world, i.e., the South Atlantic and South Pacific. Researchers estimate that over five trillion bits of 194 

plastic, weighing over 250,000 tons, have found their way into the ocean (Eriksen et al., 2014). Likewise, Peeken 195 

et al. (2018) and Chiba et al. (2018) reported that due to MPs transportation in the environment by water, dry and 196 

wet deposition, they'd reached extreme regions, including the Mariana Trench (the deepest part of the ocean), and 197 

Northern and Southern Polar Ice, respectively. Marine organisms suffer significant risks from land-based ocean 198 

garbage and lost or abandoned fishing gear due to being enclosed in plastic containers, trapped in fishing nets, 199 

and the intake of plastic particles. Seabirds, turtles, crabs, and fish are the most endangered species (Vegter et al., 200 

2014). According to MacArthur, if current trends continue, more plastic will be in the oceans than fish by 2050 201 

(MacArthur, 2017). Plastic trash accounts for eighty percent of marine contamination, with an estimated 8 to 10 202 

million metric tons yearly introducing plastic into seas and oceans. Therefore, it is vibrant that people must 203 

reconsider their attitude toward plastic garbage and begin assisting in protecting aquatic ecosystems from pollution 204 

(Mehmood et al., 2023). 205 

2.4 MPs in groundwater and drinking water 206 

Although water treatment systems are increasingly updating for MPs removal, a substantial amount of MPs 207 

is an existing threat that has been reported to become groundwater and contaminated subsurface and drinking 208 

water (Peng et al., 2022b). The possibility of groundwater contamination is influenced by the total amount of MPs 209 

released in subsurface water and soil and the portion of those particles that are accessible for downward transport. 210 

Therefore, it is crucial to consider every process that adds to the MPs inventory and evaluate how likely these 211 

mechanisms may cause groundwater contamination. According to Koelmans et al. (2019), the abundance of MPs 212 

in some water bodies was lower than in tap water and bottled water, with groundwater having the lowest quantity 213 

of MPs (10-2 items L-1). This finding suggests that other factors, such as the tap water supply or packaging process, 214 

may also impact the source of MPs in drinking water. Based on the sort of MPs found in bottled water, another 215 

research (Schymanski et al., 2018) identified bottle components as a leading potential source of MPs production 216 

(PET and polyester).  217 



 Zhang et al. (2020b) addressed that MPs larger than 50 μm could be removed during water treatment, with 218 

removal efficiencies ranging from 25% to 90% due to differences in water treatment methods. No MPs were 219 

detected in tap water in Italy and Denmark, and the highest concentration of MPs in tap water was 9.2 items L-1 220 

in the U.S. The maximum attention of MPs in bottled water was 5.4107 items L-1, compared to water in reusable 221 

bottles, which contained substantially more MPs than water in single-use bottles. In comparison, water in reusable 222 

bottles has more MPs than water in single-use bottles.  223 

A direct comparison of MPs abundance in different studies is difficult due to differences in the type of filter 224 

membrane and MPs identification methods in the water treatment process. Moreover, there is a phenomenon in 225 

which the concentration of MPs in tap water is more significant than that in bottled water, but the abundance is 226 

lower; this is likely owing to the lower detection limit of MPs detection methods in bottled water. In other words, 227 

the widely used FTIR method for tap water cannot identify MPs smaller than 10 µm, possibly resulting in an 228 

underestimation of MPs abundance. 229 

3 Membranes based MPs removal technologies  230 

In recent years substantial advancement in MPs treatment strategies has been achieved (Figure 2). A detailed 231 

description of these methods is given in the supplementary file, while a brief summary of these methods and their 232 

effectiveness in MPs removal is presented in table 2. Different strategies which are currently being used for MPs 233 

removal are presented. Membrane separation is also used to remove MPs. 234 

Membrane filtration can restrict the escape of MPs based on MP size, membrane type, and porosities, which 235 

is an efficient solution to tackle the problem of MPs in wastewater . Evidence that emphasizes centralized 236 

processes like membrane bioreactors, coagulation, reverse osmosis, and dissolved flotation is more effective in 237 

removing MPs from wastewater than others (Shahi et al., 2020). Likewise, a combination of different approaches 238 

in membrane separation (generally MF or UF) has also been demonstrated (Mustafa et al., 2022b). One example 239 

is biodegradation in membrane bioreactors (rectors that use biological catalysts such as bacteria and enzymes) 240 

(Xiao et al., 2019). Complete MPs destruction was accomplished when MBR was combined with a preliminary 241 

anaerobic treatment and followed by a RO filter (Balabanič et al., 2012). PET was utilized as a carbon source by 242 

Idonella sakaiensis, a bacterial species, which degraded it into ethylene glycol and terephthalic acid (Yoshida et 243 

al., 2016). In a similar vein, Euphasia superba (Antarctic Krill) used an enzyme complex to degrade larger plastics 244 

from 31.5 µm to less than 1 µm (Dawson et al., 2018). Barth et al. (2015) also showed enzymatic PET degradation, 245 

demonstrating that enzymes may be easily included in the MBR . Hence, MPs degradation in the enzymatic 246 

membrane reactor is likely in the future. In Finland, MBR and UF combined (area: 8 m2 and pore size: 0.4 µm) 247 



removed 99.9% of MPs, which was much more significant than average activated sludge (CAS) (Talvitie et al., 248 

2017b). 249 

A special membrane with controlled permeability is used in the membrane separation method. Small 250 

molecules preferentially penetrate the membrane under external pressure, preventing giant molecules from 251 

flowing through, resulting in the filtration of the multi-component mixture.  252 

Because of its perks and key aspects such as minimal price, high efficiency, simple handling, high energy 253 

efficiency, and environmentally friendly nature, the UF membrane is believed to become a more significant role 254 

in the treatment of surface water (Zhang et al., 2018b; Lou et al., 2020). However, UF technologies can still not 255 

completely remove pollutants from the water. As a result, an efficient, cost-effective, and easy technique to 256 

remove micropollutants is still required to ensure the safety of drinking water. So far, only a few papers have 257 

investigated MPs removal through coagulation and UF for potable water production (Ma et al., 2019b; Xu et al., 258 

2021a). Ma et al. (2019b) investigated the removal of different sizes of PE particles (0.5-5 mm) with UF and iron-259 

based coagulation. Although PE is the most common plastic contamination detected in water, its density (0.92-260 

0.97 g/cm3) is so close to water that removing it is challenging. After thickening, PE-MPs particle elimination 261 

was just below 15%, showing inadequate coagulation. Polyacrylamide (PAM) boosted coagulation performance 262 

and enhanced PE particle clearance from 13% to 91% Figure 3. 263 

Likewise, in some cases capturing MPs with only membranes, on the other hand, is challenging. Any filter 264 

with a mesh size greater than 250 microns may enable some MPs to pass through (Lares et al., 2018). Another 265 

issue with mesh filters is clogging. Because the pores are so tiny, larger particles and any natural organic polymers 266 

present in the water sample with the MPs can easily block filters. It is difficult to strike a balance between filtering 267 

all plastics and cleaning the filter so that it may be reused. Given how important UF and coagulation operations 268 

are to making drinkable water, there needs to be a more in-depth look at how MPs are removed throughout 269 

complexation and UF operations (Shannon et al., 2008). 270 

In urban and industrial WWTPs, reverse osmosis (RO) is used to remove salts. Micro organic pollutants and 271 

potentially toxic metals from water are removed using pore size > 2 nm non-porous or NF membranes. When a 272 

highly concentrated water solution is put under high pressure (10–100 bar), the water is forced through a 273 

semipermeable membrane, leaving the sludge in a highly concentrated liquid medium. Ziajahromi et al. (2017) 274 

reported on the effectiveness of the RO technique for MPs removal. However, the RO is less effective in the 275 

removal of MPs present in fibers form. Advanced polyester (alkyd resin) used in paints also produces MPs. 276 

Scientists ascribed MPs tracking to membrane deflections or minor pipe gaps, highlighting the necessity for ad 277 



hoc MPs removal technology. Combining RO with membrane bioreactor technology is the most effective for MPs 278 

cleanup. Membrane fouling affects reliability (Goh et al., 2018). A pretreatment process is also needed to keep 279 

flux rates steady, prevent fouling in large-scale RO desalination systems, reduce the number of times membranes 280 

need to be cleaned, and make RO equipment last longer. Fouling can also be reduced by mechanical and chemical 281 

cleaning, membrane backwashing, changing the surface, improving hydrophilicity, and using new membrane 282 

materials (Mustafa et al., 2022a).  283 

Nanofiltration is another membrane separation process known for its lower operating pressure, high 284 

molecular selectivity, and lesser salt rejection than the RO used in an advanced technique for organic 285 

micropollutants (OMPs) containing wastewater treatment (Shen et al., 2017). It is a pressure-driven membrane 286 

positioned between RO and UF liquid separation technology. Most commercially available NF membranes are 287 

synthesized using an interfacial polymerization approach (Guo et al., 2019). Luogo et al. successfully removed 288 

98.55% and 99.2% of MPs ZrO2 and used SiC in ceramic membranes (Luogo et al., 2022). Likewise, 289 

polyacrylonitrile and rGO (rGO/PAN) composite membranes also effectively removed MPs from industrial 290 

effluent (Fryczkowska and Przywara, 2021). Noticeably, NF and RO have some limitations, including partial 291 

removal of pollutants via size exclusion, adsorption, and charge interaction and work at high pressure (up to 10-292 

60 bar), increasing their operating cost (Yang et al., 2016; Nguyen et al., 2021). A detailed comparison of the 293 

different characteristics of these membranes is given in Table 3. On the other hand, UF can be operated at lower 294 

pressure but is inefficient in removing some pollutants (Zhang et al., 2022) and MPs. Therefore, although UF 295 

technologies cannot altogether remove these contaminants from the water, however, it is still more efficient than 296 

NF membranes which have several technical issues, including low chemical resistance, a short lifespan, a 297 

complicated construction technique, and a high price (Shen et al., 2017; Ma et al., 2020a). 298 

 Time-consuming processes, high energy consumption, and significant investment hamper the application 299 

options. The membrane separation technology (MST), which is widely used in water purification and other 300 

industries, offers reliable operation, energy efficiency, and no secondary environmental impact (Wu et al., 2010). 301 

Noticeably the proposed dynamic membrane (DM) membranes are more energy efficient and showed 16 times 302 

less transmembrane pressure (80 to 180 mm) for water than conventional MF and UF. The use of DM technology 303 

to remove MPs has also been investigated (Li et al., 2018), as DM is good for eliminating low-density/poorly 304 

settling particles. Wastewater strained through an assisting membrane creates a cake layer as a supplementary 305 

barrier. Because: 1) it uses cheaper ingredients than traditional membranes, like the grid, non-woven textile, 306 

knitted filter thread, and stainless-steel wires; 2) it does not need additional chemicals, making any secondary 307 



pollutants; and 3) the experimental setup is usually smaller than in traditional membrane reactors (e.g., for UF and 308 

MBR). A lab-scale DM filtration device and a gravity-driven operation were employed to remove microparticles 309 

from synthetic wastewater using DM technology. The tap and synthetic water treatment with diatomite (D90 = 310 

90.5 µm) demonstrated 90 percent of trapped MPs were of similar size (microparticles). In 20 minutes, 311 

experiment, the effluent turbidity was reduced to 1 NTU (Nephelometric Turbidity Unit), showing the DM's 312 

promising elimination of microparticles. 313 

In addition to chemical precipitation, redox, electrolysis, and membrane permeation, there are various ways 314 

to heavy metal treatment (Heo et al., 2012). In practice, such sophisticated multi-stage water treatment (membrane 315 

filtration followed by primary and secondary treatment) significantly restricts its broad use. So far, many 316 

approaches or materials have been used to overcome this issue. MPs have been treated using a variety of 317 

techniques, including coagulation (Leiknes, 2009), extraction (Misra et al., 2020), and biological degradation 318 

(Paço et al., 2017). Also, Yifa Chen et al. (2020b) came up with a new way to make Zr-MOF foam with the help 319 

of acetone. These materials are great for simulating the withdrawal of MPs. In the same way, Juliane Simmchen 320 

et al. notably used a photocatalytic micromotor made of TiO2 to remove MPs (Wang et al., 2019b). However, 321 

although these strategies have progressed significantly to efficient MPs separation, a substantial challenge still 322 

exists to overcome. Each technique has its own constraints, such as the inability to handle tiny MPs or massive 323 

MPs, complexity in large-scale handling, high energy requirement, or imitation to operate in specific 324 

environments. In order to effectively remove MPs in difficult environmental circumstances, novel ways must be 325 

developed. 326 

Membranes can be constructed from polymers or metals, or ceramics. Ceramic membranes are constructed 327 

of alumina, glassy solids, silicon carbide, titania, and zirconia oxides. Synthetic organic polymers form polymeric 328 

membranes. When compared to polymeric membranes, ceramic membranes increased operational costs by 24-329 

54%. Polymeric membranes have a higher total permeability than ceramic membranes. Furthermore, ceramic 330 

membranes are more mechanically fragile than polymeric membranes (Sagle and Freeman, 2004). 331 

Before a decade, few articles on 2D carbon materials had been produced. These 2D materials showed 332 

excellent performance in removing diverse pollutants (Table S1). However, their effectiveness for MPs removal 333 

is in its early stages, describing the material's fascinating features, some of which showed superior performance 334 

including graphene and MXenes. The current state and future prospects of 2D carbon material materials for 335 

membrane-based MPs removal are presented here. 336 

4 Progress and prospects of carbon-based two-dimensional materials for membrane 337 



separation 338 

On closer inspection, almost half of the carbon compounds belong to the graphene family. Graphene is a 339 

highly transparent, chemically stable material with improved carrier flexibility and outstanding electrical and 340 

thermal conductivity. It is ideally composed of a honeycomb-structured monolayer of sp2-hybridized carbon atoms 341 

(Ferrari et al., 2015; Zhang et al., 2018a). 342 

Membranes consisting of crystalline dense 2D materials are preferred for liquid phase filtration procedures 343 

such as NF, forward osmosis, and pervaporation since MPs vary in size and must be filtered (Kim et al., 2021; 344 

Mustafa et al., 2022b). Because the layers are close together on a sub-nanometer scale, dense 2DMs are commonly 345 

employed in membrane fabrication. The nano-channels are big enough to keep the solvent away from the larger 346 

organic molecules (Seo et al., 2021). A comparison and potential of different 2D materials, including graphene 347 

and MXene, in the removal of MPs, are summarized in Table 4. The following section examines the current state 348 

of 2D materials, such as graphene and MXene, as well as their future potential.  349 

4.1 Application of graphene-based membranes in MPs removal 350 

Graphene has lately sparked tremendous attention because of its higher chemical stability, hydrophilicity, and 351 

antifouling characteristics; graphene-based membranes outperform conventional membranes (Mustafa et al., 352 

2022a). In comparison to other conventional adsorbents such as activated carbon, zeolite molecular sieve, and 353 

activated alumina (Altmann et al., 2016), graphene has gained the interest of researchers due to its unique 354 

properties. For instance, graphene has a high tolerance to harsh environmental conditions due to its unique 355 

hexagonal honeycomb structure, making it a strong candidate for pollutant remediation across a wide pH range. 356 

Likewise, sp2-hybridized carbon atoms formation and intrinsic hydrophobicity, a large specific surface area, 357 

strong modifiability, high adsorption capacity, and abundant oxygen functional groups of graphene are considered 358 

desirable attributed for a material used to capture organic compounds such as polycyclic aromatic hydrocarbons 359 

(PAHs), methylene blue (MB), and neutral red. Therefore, other graphene-like carbon materials (GCs) with 360 

similar structures have been extensively researched for water purification (Peng et al., 2022a). Recently, oxygen-361 

doped carbon nitride (O-C3N4), which has a similar design to GO, was found to be capable of removing PS 362 

attributed to the π-π linkage in a pH range of 4-10 (Sun et al., 2021a). Although carbon nanotubes (CNTs) are 363 

another highly absorbent substance, graphene is less costly and easier to manufacture and poses less environmental 364 

concern. Graphene, a sort of remarkable 2D nanomaterial, is exceptionally effective in membrane manufacturing 365 

for the separation of salts, organic and inorganic pollutants (Li et al., 2022; Mustafa et al., 2022a), oil-water 366 

emulsion (Chen et al., 2022), and gas (Salahuddin et al., 2022), as well as in water treatment (Kamran et al., 2022). 367 



Graphene-based membranes are commonly used at present water treatment plants (Yuan et al., 2020). Sun et al. 368 

(2020) found that chitin and graphene-made sponges had high reusability and MPs removal performance of 369 

89.8%, even though graphene sponges are expensive if mass-produced for wastewater treatment. Other graphene 370 

materials include GO and rGO. 371 

Graphene is the toughest, lightest, thinnest substance due to structural features such as interlayer crosslinks 372 

created by covalent bonding between side atoms of distinct sheets and Van der Waals forces caused by interactions 373 

between carbon atoms of various layers. Intralayer forces, such as sp2 carbon-carbon covalent bonds and 374 

crosslinks at graphene sheet boundaries, also enhance graphene and its derivatives' capabilities. Therefore, 375 

graphene-based materials are ideal catalyst support materials in catalysis because they increase catalyst durability 376 

and surface area, bringing contaminants closer to the catalyst surface, where catalytic reactions occur (Grigoriev 377 

et al., 2018). GO is the most extensively researched functionalized graphene, whereas rGO membranes are GO 378 

variants. Recent research by Olatunde and Onwudiwe (2021) identified the ability of graphene oxide (GO) to 379 

support organic pollutant degradation and is used in five distinct degradation processes: photocatalysis, chemical 380 

oxidation process, sonocatalytic/sono-photocatalytic processes, electrocatalytic processes, and direct catalytic 381 

degradation. Each process exhibited significant degradation efficiency, with the production of reactive radical 382 

species accounting for each phase's activity. It was observed that the integration of graphene/graphene derivatives 383 

enhanced the degrading efficiency by improving the formation of radical species due to the enhanced light 384 

absorption, surface area, and reduction in charge-carrier recombination. Determining the correct weight 385 

percentage of graphene required to enhance the catalytic activity of the composite is a crucial aspect of 386 

strengthening its activity. Comparative analysis of these techniques revealed that, despite having comparable 387 

degradation efficiencies, the photocatalytic process requires the least time to achieve 90% degradation of 388 

pharmaceuticals. In contrast, the electrocatalytic and sonocatalytic methods are the most desirable in terms of 389 

mineralization potential. However, very little is known about the ability of GOs to degrade MPs. According to 390 

Fadli et al. (2021), TiO2 as a catalyst can generate significant amounts of oxidizing agents for the breakdown of 391 

MPs. However, it has a high rate of hole and electron recombination. To improve the photocatalytic capability of 392 

TiO2 for the degradation of PE microplastics, TiO2 was treated with Ag dopant utilizing rGO. Under UV light for 393 

4 hours, 76% of MPs were degraded by 3%Ag/TiO2–1%RGO, compared to 68% and 56% for Ag/TiO2 and pure 394 

TiO2, respectively. 395 

 396 

4.1.1 GO membranes 397 



 Researchers are interested in GO because it works so well as a biosensor (Cheraghi et al., 2022; Ilager et al., 398 

2022), biomaterial (Liu et al., 2021), and adsorbent of organic and inorganic pollutants (Ma et al., 2022; Mustafa 399 

et al., 2022a) due to the numerous oxygen atoms in the form of epoxy, hydroxyl, and carboxyl groups on its 400 

surface. In terms of UF performance, it was discovered that membrane fouling decreased gradually after PE 401 

coagulation. Increasing the coagulant dose enhanced the floc cake layer's porosity due to PE particles, especially 402 

big PE particles. Compared to using flocs alone, membrane fouling was minimized. Larger PE particles decreased 403 

membrane blockage. Coagulation caused by two mmol/L dosages of each FeCl3 ∙ 6H2O and polyacrylamide 404 

decreased membrane flow by 10% when large PE particles (d > 5 mm) were present (Ma et al., 2019a). 405 

Furthermore, fouling is a continual challenge since it reduces permeate flow and membrane function, reducing 406 

the usable life of the membrane (Ding et al., 2021; Wu et al., 2021a). Several studies show that membrane design 407 

and modification strategies utilizing nanoparticles are viable ways to improve organic pollution removal by 408 

making membranes more resistant to fouling and, as a result, the issues connected with it (Heu et al., 2020; Wu 409 

et al., 2021a). As a result, hydrophilic alteration of membranes is required for use in pressure-driven filtration 410 

systems. GO has been found as a material with the potential to improve the effectiveness of the membrane in this 411 

water purification process due to its unique transport capabilities, hydrophilic and smooth nature. GO 412 

nanoparticles are also resistant to fouling and pollutant transmission, which sets them apart from other 413 

nanomaterials. On the other hand, GO may rapidly diffuse into water and is difficult to separate and reuse, 414 

potentially resulting in the re-pollution of treated water (Dey et al., 2019). Encapsulating GO in biodegradable 415 

porous materials like chitin-based sponges is suitable for MP-containing wastewater treatment.  416 

Recently, Dey et al. (2022) fabricated a GO-PVA composite membrane and used it for removal of 417 

microplastics from synthetic wastewater. Briefly, the membrane was synthesized using vacuum filtering (Dave 418 

and Nath, 2016; Park et al., 2021). Various amounts of GO were dispersed in DI water (16 mL), and 3 mL PVA 419 

solution (10 g PVA/100 mL of DI) was mixed with the dispersed GO. Later, 1 mL of glutaraldehyde was added 420 

to the composite solution of GO-PVA to crosslink the two substances. The whole mixture was then sonicated for 421 

15 minutes, filtered by vacuum filtration (filter area: 19.54 cm2; pressure: 3 bar), and dried in an oven at 80 °C for 422 

2 hours to increase the cross-linking between GO and PVA. The samples were then rinsed successively with DI 423 

water until the washing solution's pH reached neutral, and with ethanol to eliminate any remaining GA, followed 424 

by drying at room temperature. The obtained GO-PVA membrane (Figure 4) exhibited excellent permeability 425 

(179 L m-2 h-1 k Pa-1) and eliminated 95% of HDPE in 15 seconds at pH 8 and 3.5 bar transmembrane pressure. 426 



Following this, Sun et al. (2020) prepared a chitosan-functionalized graphene oxide (ChGO) sponge and 427 

oxygen-doped carbon nitride (O-C3N4) (Sun et al., 2021a). The prepared sponges were used to remove different 428 

functionalized 1µm size MPs including, PS, carboxylate-modified PS (PS-COOH), and amine-modified PS (PS-429 

NH2) in a water system at pH 6-8. The resultant sponges have mechanical strength, flexibility, and linked pores. 430 

These sponges, according to the authors, successfully eradicated functionalized MPs groups. For instance, chitin-431 

based sponges have higher reusability due to their extraordinary compressibility (three cycles) i.e., adsorption 432 

efficiency for different MPs were as follows: PS (89.8%), PS-COOH (72.4%), and PS-NH2 (88.9%) (Sun et al., 433 

2020). Later on, Sun and coworker (2021b) synthesized a chitin-based sponge membrane with linked pores using 434 

GO and oxygen-doped carbon nitride (O-C3N4) and successfully removed 71.6-92.1% of PS, PS-COOH , and PS-435 

NH2 MPs in a water system at an environmentally relevant concentration of 1 mg L-1. The ChGO is a compressive 436 

sponge with compressive stresses of 50 and 40 MPa, respectively, in dry and wet states. These sponges can be 437 

utilized to remove MPs from water due to their high reusability, biocompatibility, and biodegradability. 438 

Meng et al. (2021) prepared a 3D graphene/cotton sponge with vertical gradient microchannels and used it in 439 

a photothermal platform. The sponge appeared as a highly efficient, low-cost, biomass-derived 3D sheet with a 440 

higher evaporation rate of 2.49 kg m-2 h-1 (top and side surfaces) and 8750-fold external stress withstanding rate. 441 

Approximately 90.6% of the water evaporated with the first attempt, removing all PE microfibers. It was done 442 

using 3D MoS2/graphene/cotton, allowing for multilayer interception and reactive oxygen species attack.  443 

GO is also considered a supporting unit for other membrane materials. Natural materials obtained from 444 

renewable resources (e.g., cellulose, chitin) are growing in popularity for MPs treatment due to their superior 445 

biocompatibility and biodegradability. However, the low mechanical strength of chitin materials due to molecular 446 

depolymerization during chitin modification has limited their practical applicability. The combination of GO with 447 

chitin significantly increases (1) the mechanical strength of the chitin-based sponge, (2) developed strong 448 

interfacial interactions with chitin chains via hydrogen bonding which GO works as an efficient crosslinker to 449 

reinforce the chitin materials, thus the mechanical property was distinctly improved (Chabbi et al., 2020; Liu et 450 

al., 2020a), and (3) oxygen-containing functional groups such as -COOH and -OH in GO also facilitate the 451 

removal of metal ions and organic pollutants (Sun et al., 2020), suggesting its usefulness in enhancing the 452 

performance of membranes for the co-existence of MPs with other pollutants. 453 

In conclusion, developments in MST and innovative membrane technology, and simple manufacturing 454 

techniques are still required to simplify the membrane fabrication process and increase the 2D material 455 



membrane's removal efficiency. The potential of rGO in membrane fabrication and treatment of MPs from the 456 

aqueous environment was examined in the next section. 457 

4.1.2  rGO membranes 458 

The rGO is a promising adsorbent with high reusability and biocompatibility that can mitigate the detrimental 459 

effects of PS (Dey and Jamal, 2021). Yuan et al. (2020) investigated the adsorption performance of 3-dimensional 460 

rGO for PS MPs; the membrane has a unique porous spatial structure. The experiment was carried out using a 461 

variety of variables such as temperature, pH, contact length, and ion concentration. According to the findings, PS 462 

MPs adsorption is an endothermic process. For example, a 3D RGO membrane could absorb PS MPs of 617.28 463 

mg/g at 6 pH, C0 = 600 mg/L, t = 120 min, and 26 °C. In another study, Fryczkowska and Przywara (2021) used 464 

composite membranes made of polyacrylonitrile and rGO (rGO/PAN) to remove MPs from industrial wastewater 465 

in an ultrafiltration system. When 0.11% to 0.83% w/w of rGO is added to the PAN matrix, more tiny holes (150 466 

nm) were formed and enabled the separation of colloid formed in the aqueous FeCl3 solution (rejection > 82%), 467 

particularly MPs. The proposed membrane showed excellent anti-fouling qualities that enable smooth clean of the 468 

cake layer, which makes them reusable. This study shows that a single membrane technique using rGO/PAN 469 

composite membranes can be used instead of a series of steps to treat wastewater that contains MPs. 470 

The initial graphene-based membrane application for MPs removal is the fabrication of holey-reduced 471 

graphene oxide (h-rGO) by (Yang et al., 2022b). The rGO nanosheet was embraided with Co3O4 etching. Using 472 

a simple vacuum filtration approach, they integrated this membrane into the polymeric membrane for support 473 

(Figure 5). In brief, the GO dispersion (3.0 mg/ml, 30 mL) was produced by ultrasonication GO in DI water (1 h 474 

at 25 °C). Co NPs (0.12 g) was then loaded to the GO dispersion and agitated for 2 hours, then heated in autoclave 475 

heating (12 hours at 180 °C) followed by autoclave heating (12 hours at 180). After cooling to room temperature, 476 

Co/rGO was finally attained. Co/rGO was obtained by freeze-drying it for 12 hours. The Co/rGO samples were 477 

then annealed at 900 °C (5 °C/min) for 2 hours in a controlled situation. Co/CoO was removed with 10% HCl, 478 

neutralized with deionized water, and dried to get h-rGO. h-rGO nanosheets are uniformly deposited on a support 479 

membrane, and membranes based on h-rGO nanosheets are manufactured using the negative pressure filtration 480 

technique. The layout of the membrane is made up of the following parts: (1) The distinctive nanostructured (pore 481 

size 27.3 nm) form of h-rGO nanosheets captures MPs from nano to micro size and also has better water flux 482 

(37.19 L m-2 h-1 k Pa-1) than GO and rGO alone (2) Because graphene is so physically and chemically stable, 483 

membranes made of h-rGO nanosheets can withstand the outside environment while removing MPs. The hrGO 484 

membrane was very good at removing FP microspheres and PS beads MPs (up to 99.9%), which makes it a 485 



promising candidate as a useable membrane for removing MPs in water, especially since it is easy to make and 486 

can be made on a large scale. h-rGO membranes may have a lot of potential for removing MPs from wastewater 487 

because of how stable they are physiochemically and how well they remove MPs. 488 

 In a baseline study, Liu et al. (2022) analyzed the tetracycline TC adsorption mechanism of multiple MPs 489 

(PP, PA, and PS) before and after UV radiation aging and the changes in TC adsorption trend when aged PP 490 

coexists with GO/rGO. In a coexisting system of aged MPs and GO/rGO, the TC adsorption of old PP-GO was 491 

risen by 336% and that of aged PP-rGO by 100%. Owing to the oxygen-containing functional groups, GO/rGO 492 

with a high oxidation level and level in an aged PP-GO/rGO coexisting system is better for TC adsorption. During 493 

the TC adsorption process, there was surface adsorption and partition adsorption. In the MPs-GO/rGO system, 494 

TC adsorption was strongly pH dependent, with acidic (pH = 3) or alkaline (pH = 11) conditions being preferable. 495 

Besides, microscopic fluorescence imaging of a 0.5 mg mL-1 fluorescent polystyrene (FPS) microspheres (100 496 

nm) solution before and after filtering (Figure 6a, c) indicates fewer FP microspheres after filtration. Under UV 497 

light (Figure 6b), the solution's diminished fluorescence after filtering is essentially unnoticeable. SEM and NTA 498 

studies were utilized to determine FP microsphere size, shape, and range in prefiltered and filtered samples (Figure 499 

6d, e). Noticeably, 86% of the prefiltered samples contain particles bigger than 50 nm and some microscopic bits, 500 

showing that nanoscale FP microsphere particle sizes vary. The average h-rGO-1 filtration efficiency for 80 nm 501 

particles was 77.04%; for 200 nm, it was 94.35%; and for 1000 nm, it was 99.99%. Average h-rGO-2's filtration 502 

efficiency rose for FP microspheres with 80, 100, and 200 nm diameters but not for 500 and 1000 nm 503 

microspheres. Fluorescence intensity curves (Figure 6h) and removal efficiencies (Figure 6i) of FP microspheres 504 

with various concentrations before and after 200 nm filtration reveal that MPs content does not affect h-rGO 505 

nanosheet-based membrane filtration efficiency. The h-rGO membrane filters FP microspheres bigger than 80 nm 506 

100% effectively. The h-rGO membrane can remove 99.9% of 12,500-mesh PS beads. The h-rGO membrane's 507 

porous nature allows for high water flow and MPs elimination. 508 

 Two-dimensional (2D) graphene can stay together in water due to strong stacking contact between sheets, 509 

making it less absorbent. Hydrothermal methods (Kazemeini et al., 2016) and freeze-drying (Zhu et al., 2013), 510 

and self-assembly may change 2D graphene into 3D (Payan et al., 2018). The 3D structure may help expedite the 511 

distribution and absorption of pollutants (Nardecchia et al.; Shen et al.). The 3D structure separates solids from 512 

liquids after adsorption. 3D graphene can absorb twice as much arsenic as 2D graphene, according to a report by 513 

Vadahanambi et al. 3D graphene has a greater possibility of cleaning water than 2D graphene. 514 



Yuan et al. (2020) employed 3D RGO to remove PS MPs. However, 3D RGO can't eliminate PS MPs from 515 

tap water (56.0%, 448.60 mg/g) and micropollutant water (53.85%, 430.78 mg/g) as well as distilled water 516 

(66.63%). This discovery may be produced by metal ions, organic debris, algal secretions, ammonia nitrogen, and 517 

other contaminants in tap water and micropollutant water. Environmental factors charge humic acids and metal 518 

ions. A few tiny particles might impede the adsorbent's porous structure. 3D RGO removes more than 50% of PS 519 

MPs in actual water samples, proving effective. 520 

4.2 MXene based membranes  521 

 MXenes are promising 2D materials for making new microrobots with many different functions (Thirumal 522 

et al., 2021). The formula for them is Mn+1XnTx (n = 1, 2, 3), where M is an early transition metal (Ti, Mo, V), X 523 

is carbon and/or nitrogen, and T is the surface-terminating functionality (O, F, OH, H etc.) (Ghidiu et al., 2014). 524 

MXenes are made by etching only the A-element layers of a MAX phase, where A is an element from group IIIA 525 

or IVA (Al, Si) (Ghidiu et al., 2014). This method makes "exfoliated" MXene microparticles with a large surface 526 

area and many layers, like an accordion. These materials are also highly conductive, chemically stable, thermally 527 

conductive, hydrophilic, functional on the surface, and compatible with the environment (Bao et al., 2018). 528 

Because of this, they have been used quickly in many different ways, such as to clean water (Ding et al., 2018). 529 

Ti3C2Tx is the MXene that has been studied the most. 530 

 A novel membrane constructed of holey Ti3C2Tx nanosheets (h-Ti3C2Tx) removes MPs effectively from 531 

wastewater. Etching Co3O4 nanoparticles on Ti3C2Tx nanosheets was followed by vacuum filtering using a 532 

polymer membrane. The design includes (see Figure 7A): (1) Nanoporous Ti3C2Tx nanosheets can filter and 533 

collect nano- to micro-scale polymers. h-Ti3C2Tx membranes had quicker mass transit and better water reflux than 534 

graphene or Ti3C2Tx membranes. (2) The physicochemical stability of Ti3C2Tx renders h-Ti3C2Tx membranes 535 

MPs-resistant. They are more beneficial in tough situations. The h-Ti3C2Tx membrane comprising Co3O4 536 

nanoparticles embedded in Ti3C2Tx nanosheets demonstrated experimental performance of up to 99.3%. The 537 

distinct nanoporous holey MXene structures of h-Ti3C2Tx nanosheets can additionally screen and trap polymers 538 

from the nano- to the micro-scale. According to the study, these membranes feature a planar porous structure with 539 

nano-holes with an average hole size of 25 nm. This allowed for membranes with high MPs removal efficiency, 540 

physiochemical stability, and 196.7 L m-2 h-1 k Pa-1 water flux (Yang et al., 2022a).  541 

 MXenes have been found to be good at killing bacteria, to have a surface that attracts water, and to be stable 542 

enough to use in membranes that clean water. Also, MXenes' improved mechanical flexibility and excellent ability 543 

to form films are promising for making highly selective water desalination membranes with high throughput. 544 



However, MXenes can't be used in many situations because ultra-thin 2D materials have problems, such as a high 545 

tendency to overlap and no way to control their porousness. In the past few years, much work has gone into 546 

making porous MXenes that fit these criteria: (i) MXene assembly; (ii) MXene deposition or insertion into porous 547 

substrates; (iii) Loading or coating functional porous materials on the surface of MXenes; and (iv) Formation of 548 

in-plane pores inside MXenes (Bu et al., 2020). Even though more research needs to be done before MXene can 549 

be used to get rid of MPs through membranes, it has already shown that it is stable and does a good job of getting 550 

rid of organic pollutants.  551 

Urso et al. (2022) used 3D multifunctional Mxene-derived oxide microrobots for an NPs cleanup study. Ti3C2Tx 552 

MXene was converted into photocatalytic multilayer TiO2 through a heating method. These microrobots have zeta 553 

potential and self-propulsion abilities, attracting and entrapping nano polymers on their surfaces. The researchers 554 

propose this membrane as a portable, low-cost technique for dealing with MPs pollution. 555 

Recent research used MXenes as catalyst promoters to expedite charge-hole separation, enhancing the 556 

photocatalytic performance of ZnxCd1-xS (Cao et al., 2022). A variety of molar ratios of Zn and Cd were used to 557 

prepare ZnxCd1-xS (here, x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0). They discovered that 2% MXenes combined with 558 

Z0.6C0.4S was the optimal ratio for photodegrading plastic and producing H2. Due to the extremely low Fermi level 559 

of MXene compared to that of ZnxCd1-xS, the ZnxCd1-xS treatment (Z0.6C0.4S) incorporated with MXene exhibits 560 

a lower photoluminescence (PL) peak intensity, which promotes the electron transfer from Z0.6C0.4S to MXene 561 

through the interface of the heterogeneous junction, thereby enhancing the separation efficiency of charge carriers 562 

and achieving highly efficient photocatalytic activity (Li et al., 2020a). MXene loading exhibited a higher 563 

photocurrent density than Z0.6C0.4S alone, demonstrating its superior charge transfer capability. The smaller radius 564 

also displayed a lower charge transfer resistance and a more efficient surface charge migration, indicating a higher 565 

charge carrier efficiency (Dong et al., 2020). There was no decline in H2 generation up to four cycles, and it was 566 

feasible to prevent the photocorrosion effect. However, a high amount of MXene may effectively prevent Z0.6C0.4S 567 

from absorbing visible light. Therefore, Z0.6C0.4S with an adequate MXene loading is significant for enhancing 568 

photocatalytic H2 evolution activity. The synergistic effect of MXene/ ZnxCd1-xS and enhanced charge-hole 569 

separation efficiency, visible light absorption capacity, and oxidation capability. The PET bottle is simultaneously 570 

oxidized into organic macromolecule components, such as methanol, glycolate, and acetate. By modifying the 571 

band topologies of photocatalysts, this finding provides a method for producing H2 while degrading plastic 572 

contaminants. 573 

5 Mechanisms of removal of micro/nano plastics from membranes 574 



Based on kinetic adsorption studies, a strategy for removing MPs was developed. In a GO-assisted chitin-575 

based sponge membrane doped with carbon nitride, the removal of MPs by (i) electrostatic attraction, (ii) hydrogen 576 

boning, and (iii) the main force behind MPs absorption was π-π- contacts and intra-particle diffusion were very 577 

important parts of the whole adsorption process (Sun et al., 2020; Sun et al., 2021a). MPs were incorporated into 578 

the sheet's pore structure and folded and uniformly and thickly spread throughout the 3D rGO sheet, according to 579 

SEM and XRD analyses (Yuan et al., 2020). 3D rGO offers many active sides capable of firmly adsorbing PS 580 

MPs even at the sheet's borders because of the -effect provided by a thick and smooth graphite layer. Removing 581 

organic contaminants from the sheet is simpler because they are readily absorbed and form a stable complex on 582 

the sheet. Because PS MPs are organic macromolecules with conjugated systems of uniformly charged electrons, 583 

3D rGO functions by way of a - contact created by the carbon rings of PS and 3D rGO, respectively (Pei et al., 584 

2013). 585 

Yuan and associates (2020) demonstrate the surface morphology of 3D rGO following PS MPs adsorption 586 

using SEM (Figures 8(a)-8(d)) and XRD (Figure 8(e)). Figures 8(a) and 8(b) illustrate how certain PS MPs were 587 

distributed equally and thickly throughout the sheets of the 3D rGO after adsorption, while others were stuck in 588 

the pore structure and folds (b). Figure 8(c) and Figure 8(b) show that 3D rGO has multiple active sites that may 589 

securely adsorb PS MPs on its surface Figure 8(d). A thick, smooth graphite layer creates the - effect in 3D rGO. 590 

It rapidly and effectively removes organic contaminants by adsorbing organic impurities containing electrons, 591 

generating a stable compound. MPs are constructed of organic macromolecules with electrons. Charges in the 592 

conjugated system are equally distributed, and its characteristics are stable. It was assumed that PS MPs clinging 593 

to 3D rGO generated strong contact between their carbon rings (Chen et al., 2011). Figure 8(e) indicates PS MPs 594 

had amorphous diffraction peaks of about 20, but 3D rGO had a broad peak at 25. Both peaks in the 3D rGO's 595 

XRD pattern widened following adsorption, showing that PS MPs had been absorbed. Because of electrostatic 596 

attraction, PS MPs traveled fast from the 3D rGO's edge to its surface. The huge specific surface area and loose 597 

pore structure of the 3D rGO offered PS MPs a variety of active locations. Due to the strong π-π force and the 598 

porous structure's physical retentive effect, the MPs dispersed slowly inside the 3D rGO. Consequently, the strong 599 

force via (i) electrostatic attraction and (ii) physical retention was primarily responsible for the adsorption of PS 600 

MPs on 3D rGO. 601 

To further understand how 3D rGO adheres to PS MPs, the adsorption kinetic models were assessed using a 602 

varied adsorption time. The mixture was shaken for 5 to 480 minutes in a vibrator with constant temperature and 603 

water bathing. The removal efficiency of MPs significantly increased in the first 30 minutes, going from 28.71% 604 



to 54.35%. The clearance effectiveness of MPs rose significantly between 30 and 120 minutes, from 54.35% to 605 

66.10%. MPs removal effectiveness and 3D rGO adsorption capacity both remained effective after 120 minutes. 606 

These findings show that after 120 minutes, the adsorption of MPs on 3D rGO reached equilibrium. Moreover, 607 

two kinetic model pseudo-first-order and pseudo-second-order kinetic plots, show how PS MPs stick to 3D rGO. 608 

The main thing that changed the pseudo-second-order kinetic model (Freundlich) was the formation of chemical 609 

bonds, which was strongly linked to the adsorption of PS MPs on 3D rGO. So, the main way that MPs stick to 3D 610 

rGO is through a chemical process. The intraparticle diffusion model was also used to look at the movement of 611 

PS MPs that had stuck to the surface of 3D rGO. 612 

Given that it is a three-stage curve, it suggests that intraparticle diffusion is not the only factor influencing 613 

how the adsorption process is regulated. The high slope of the line in the initial phase shows that MPs swiftly 614 

penetrate the 3D rGO's surface and edge. The migration of MPs into the interior structure of 3D rGO via internal 615 

diffusion is a gradual adsorption process; the line's slope is less steep in the second stage than it was in the first. 616 

In the third step, the slope of the line tends to be horizontal, demonstrating the achievement of the 3D rGO and 617 

PS MPs adsorption equilibrium. As a result, membrane diffusion and internal particle diffusion are the main steps 618 

of MPs adsorption on 3D rGO. According to some prior investigations, the concentration of PS MPs in the solution 619 

and the distribution and size of the 3D rGO pore may affect the mass transfer limitation (Barghi et al., 2014; 620 

Fattahi et al., 2014). This discovery may be looked into independently. To understand the energy changes in the 621 

adsorption process, several temperatures of adsorption thermodynamics were investigated. The efficacy of MPs 622 

removal improved from 66.83% to 72.63% as the temperature rose, and the 3D rGO's adsorption capacity 623 

increased from 534.60 mg/g to 598.98 mg/g. This study demonstrates that raising the temperature is advantageous 624 

for MPs adsorption on 3D rGO. This is most likely because MPs quickly diffuse into 3D rGO. However, the 625 

temperature was fixed at 26 degrees Celsius to conserve energy and since the removal efficiency did not vary 626 

significantly. MPs adsorption is an endothermic process because the enthalpy change H is larger than zero. 627 

Indicating that the interface between 3D rGO and MPs becomes more disordered during adsorption, and the 628 

entropy shift S is larger than zero (Tan et al., 2009). Since the Gibbs free energy change is always negative, 629 

adsorption must occur spontaneously (Çolak et al., 2009). As a result, the endothermic process of MPs adsorption 630 

on 3D rGO has the potential to enhance adsorption. For most adsorptions, the Langmuir and Freundlich models 631 

are applicable. The Langmuir adsorption isotherm states that monolayer adsorption can only occur on uniform 632 

surfaces. The Freundlich isotherm may also determine how much adsorption occurs on different surface qualities. 633 

The Langmuir and Freundlich isotherm plots revealed that the adsorption of PS MPs on 3D rGO corresponded to 634 



the Langmuir adsorption isotherm model with a good correlation coefficient (R2 = 0.992). Based on these findings, 635 

it appears that the active sites on the surface of 3D rGO are identical and that 3D rGO adsorbs MPs in a single 636 

layer. 637 

5.1 Effect of Co-existence of different pollutants  638 

The interaction between MPs and graphene may significantly impact adsorption processes and capacity in 639 

the presence of other contaminants. Moreover, the actions of MPs concerning the absorption of other contaminants 640 

may alter. The addition of new contaminants may result in significant modifications to processes. The behavior 641 

of contaminants will change when inorganic nanoparticles (INPs) like Al2O3 nanoparticles are added. This shows 642 

that heteroadsorption of INPs is much more difficult than homoadsorption (Liu et al., 2020b). Researchers have 643 

looked at the ability of graphene-like magnetic biochar (GLMB) to remove 17β-estradiol (E2). GLMB was an 644 

adsorbent for removing E2 from water that was cheap, very effective, safe for the environment, and could be 645 

reused. Al2O3/MPs made it take much less time for E2 to reach adsorption equilibrium on GLMB. Al2O3/MPs 646 

sped up the time it took for adsorption to reach equilibrium. Nonetheless, at equilibrium, increased Al2O3/GLMBB 647 

or MPs/GLMBB ratios did not significantly enhance or restrict E2 removal. E2 may adsorb onto GLMB by many 648 

simultaneous processes, such as -interactions, micropore-filling effects, electrostatic interaction, etc. 649 

When GO/rGO and aged PP were in the same solution, they made it easier for TC to stick to the surface. This 650 

effect was stronger in acidic conditions than in alkaline conditions. This had to do with the form of the TC ion in 651 

the solution and the charge on the surface of GO/rGO. When compared to rGO, the aged PP and GO coexisting 652 

system may make it much easier for TC to stick on the surface. Previous research showed that the interactions and 653 

van der Waals forces between rGO and TC might have been caused by their huge ring shapes (He et al., 2018). 654 

On the other hand, hydrogen bonds may have been formed between TC molecules and oxygen-containing 655 

functional groups in GO. These hydrogen bonds may have been important for adsorption (Ai et al., 2019). TC 656 

likes hydrogen bonds more than van der Waals forces and interactions with negative charges. The process of 657 

antibiotic adsorption is shown in Figure 9. 658 

 Due to the loss of oxygen functional groups on the surface, like carboxyl groups, the reduction of GO to rGO 659 

would modify the way graphite stacks up from a sheet-like shape to a stacked shape (Qi et al., 2019). This would 660 

make it much harder for pollutants to stick to the rGO surfaces. As a result, the removal of MPs by graphene 661 

material is complicated in the presence of other pollutants, which may also vary depending on the different kinds 662 

of pollutants (i.e., organic, inorganics, ionic, etc.). With the aging of MPs in the environment, the overall 663 

adsorption may change drastically. According to a recent study, the chlortetracycline (CTC) and amoxicillin 664 



(AMX) adsorption capacities of PE rose 1.08-14.24-fold following aging (Fan et al., 2021). Furthermore, research 665 

has shown that functionalized GO and rGO display nucleating capabilities when used as additives in isotactic PP 666 

crystallization (Broda et al., 2020). Adding graphene to plastics allows graphene and MPs to cohabit. Graphene 667 

is also vulnerable to environmental degradation (Yu et al., 2021). It has been demonstrated that sunlight, natural 668 

reductants, and bacterial decomposition rapidly convert GO to rGO (Matsumoto et al., 2011). Because the 669 

reduction procedure lowers the number of oxygen-containing groups, the adsorption capacity of GO will be altered 670 

(Zhang et al., 2019b). More study is needed to enhance membrane filtering of MPs and graphene-based 671 

membranes for use in water treatment systems. The first study to look at the ciprofloxacin adsorption behavior of 672 

multiple MPs (PP, PA, and PS) before and after UV radiation aging, as well as the alterations in TC adsorption 673 

behavior when aged PP coexists with GO/rGO recently, was performed by Liu et al. (2022). In a coexisting system 674 

of aged MPs and GO/rGO, the TC adsorption capacity of old PP-GO was increased by 336% and that of aged PP-675 

rGO by 100%. GO/rGO with a high degree of oxidation and concentration in an aged PP-GO/rGO coexisting 676 

system are more advantageous for TC adsorption due to the involvement of oxygen-containing functional groups. 677 

Surface and partition adsorption happened during the TC adsorption process. In the MPs-GO/rGO coexisting 678 

system, TC adsorption was strongly pH-dependent, with acidic (pH = 3) or alkaline (pH = 11) conditions 679 

preferable.  680 

In the case of the co-existence of heavy metals and MPs, the literature suggests surface morphological and 681 

chemical changes brought on by environmental weathering and plastic degradation may regulate heavy metal 682 

mobility on MPs surface by changing the physical attachment of heavy metals on plastic surfaces, accelerating 683 

the electrostatic interaction and chemical interaction between functional groups of MPs and heavy metal species 684 

(Huang et al., 2020; Aghilinasrollahabadi et al., 2021). For instance, compared to fresh low density polyethylene 685 

(LDPE) samples, surface oxidized LDPE films and pellets showed greater hydrophilicity and surface area, which 686 

led to enhanced uptake of Pb2+, Cu2+, Mn2+, and Zn2+ from synthetic drinking water (Ahamed et al., 2020; Huang 687 

et al., 2020). Likewise, a marine study found that beached plastic pellets acquire more heavy metals than virgin 688 

plastic samples (Holmes et al., 2012). Aghilinasrollahabadi et al. (2021) reported that Pb2+ and Zn2+ uptake by 689 

weathered MPs appeared to be influenced by the heterogeneous surface of the MPs, the partitioning of heavy 690 

metals between MPs, the accumulation of silt particles on the MPs, and the detachment of silt particles from the 691 

surface of weathered MPs during the heavy metal exposure process. It was found that Zn2+ adsorption on PET 692 

films was below the detection threshold. Future research will be needed to quantify how much silt separates from 693 

weathered MPs and to evaluate how certain heavy metals are distributed among MPs, aqueous solution, and silt 694 



particles. The MPs adsorption of heavy metals may also be influenced by the electronegativity of the metals, with 695 

larger electronegativity ions [ Pb2+ (2.33) and Zn2+ (1.65), Pauling unit] adhering more firmly to the surface (Allen 696 

and Brown, 1995). The Pb2+ with higher electronegativity may induce a stronger electrostatic attraction on the 697 

plastic surface, enabling its preferential sorption on the plastic surface (Huang et al., 2020). These factors alter 698 

MPs charecterisitcs and influence the physicochemical reaction impading membrane surface and consequently 699 

can changed their removal performance. 700 

The hydrophobicity profoundly affected the interaction of organic pollutants (e.g., PAHs) with MPs since the 701 

researchers found that PE could adsorb more high molecular weight PAHs (HMW-PAHs, 4-6 rings) than low 702 

molecular weight PAHs (LMW-PAHs, 2-3 rings) from the aquatic environment as HMW-PAHs are more 703 

hydrophobic (Wang et al., 2018). Yu et al. (2020) studied the sorption behavior of NAP and their derivatives on 704 

MPs and found that charged functional groups in NAP derivatives can lower the hydrophobicity and greatly 705 

restrict their sorption onto MP-COOH and MPs as compared to NAP and NAP derivatives with uncharged 706 

functional groups. 707 

The sorption isotherms of NAP and NAP derivatives (R2 = 0.937–0.981) exhibited higher Kd (L/g) values for 708 

NAP and NAP-CH3 (9.4–9.9 L g-1) for MP-COOH and (11.6–11.9 L g-1) for (MP) compared to those for NAP-709 

NH2, NAP-COOH and NAP-OH (4.5–6.3 L g-1) ) for MP-COOH and (6.1–8.4 L g-1) for MP. Moreover, Log KOW 710 

values NAP-CH3 (3.9) and NAP (3.3) were likewise significantly greater than those for NAP-OH (2.9), NAP-711 

COOH (3.1), and NAP-NH2 (2.3) demonstrating that the hydrophobicity of NAP and NAP derivatives is a key 712 

component in determining their sorption onto MPs. This is consistent with the fact that perfluorooctanoic acid, 713 

which frequently transports ionic charges in aqueous media, has comparably poorer MPs binding capabilities 714 

(Wang et al., 2018). Yu et al. (2020) studied since the Log KOW values of NAP and NAP derivatives were 715 

positively and linearly correlated with the Kd values of their sorption on MPs (R2 = 0.725), which further 716 

confirmed the hydrophobicity is the determinant for MP-COOH. The sorption capacities of the NAP and NAP 717 

derivatives on MP-COOH were generally lower than that on MPs (except for NAP-NH2), which was coincident 718 

with a previous study reporting perfluoroalkyl substances preferred to sorb on PS than PS-COOH (Llorca et al., 719 

2018). It was reported that MPs with oxidized functional groups formed on the surface would have higher 720 

hydrophilicity (i.e., a lower hydrophobicity) than virgin ones (Shams et al., 2020), which might, therefore, induce 721 

their lower affinities with NAP and NAP derivatives. Therefore, changing the surface properties of MPs impacts 722 

their hydrophobicity corresponding interaction with organic pollutants. Rius-Ayra et al.(2021) applied 723 

superhydrophobicity and superoleophilicity to the surface of MPs to change its wettability in order to leverage 724 



hydrophobic influence for MPs recovery. These two approaches have the potential to generate long-term MPs 725 

extraction solutions with greater process optimization. These techniques enhance the selectivity of MPs extraction, 726 

hence enhancing their potential utility and reducing trace amounts in WWTPs. In reality, MPs surface 727 

functionalisation using ClO- or Fe3O4 provides hydrophilic characteristics to solid contaminants, hence enhancing 728 

separation process selectivity. This should be further studied to optimize MPs membrane separation technologies 729 

and for enhancing the efficiencies of carbon-based two-dimensional materials membranes in MPs contaminated 730 

water treatment systems.  731 

6  Factors, challenges, and limitations in 2D material-based membranes in MPs 732 

removal 733 

The development of effective MST for eliminating MPs is sought, as seen by the preceding debate. Filtration, 734 

adsorption, and degradation are major working routes by which membranes can eliminate MPs from water. 735 

Likewise, membranes for removing MPs may be divided into two categories. First, membrane filtration uses a 736 

screening process to exclude pollutants (Cetinkaya and Ozdemir, 2018; Heu et al., 2020; Mirzaei et al., 2021), 737 

and the second one is affinity (AF) membranes which use an adsorption process to eliminate pollutants (Yang et 738 

al., 2016; Ivanković et al., 2021). However, the incorporation of 2D materials showed promising prospects for 739 

many types of pollutants (Ivanković et al., 2021) and MPs removal. Albeit, there are some factors that impacted 740 

the MPs removal performance by such membranes. The factors that directly impact the MPs removal performance 741 

of 2D material-based membranes are further categorized into factors impacting filtration and those which 742 

intervene adoption of MPs. A detailed description is provided in section 7.  743 

6.1 Effect of different factors on membered filtration 744 

Several membrane-based filtering processes are used in water treatment to remove particles, notably MPs 745 

(Poerio et al., 2019; Rocha-Santos et al., 2020). However, when particle size drops, the filtering system's removal 746 

capacity gets more challenging. Membrane filtering approaches become less effective in this regard as their 747 

complexity and expense rise. Furthermore, membrane filtration is costly, necessitating substantial energy inputs 748 

as well as regular maintenance due to membrane fouling and scaling. 749 

Coagulation reduced the fouling of the UF membrane caused by PE. Increasing the coagulant dosage 750 

increased the permeability of the floc surface due to PE particles, particularly large PE particles. Membrane 751 

fouling was reduced as compared to employing flocs alone. Membrane fouling was reduced when the PE particles 752 

were larger. In the presence of large-sized PE particles (d > 5 mm), the membrane flow fell by just 10% after 753 

coagulation with 0.2 mmol/L PAM and 2 mmol/L FeCl36H2O, respectively (Ma et al., 2019a). However, this 754 



behavior may not be a general norm because it depends on various membrane-process-related variables and plastic 755 

characteristics (chemical composition, size, and shape). UF might be used to remove all PE particles as a general 756 

rule, but additional research is needed to know how the presence of plastic particles influences the development 757 

of the cake layer and subsequent fouling. The structure of MPs can affect their removal in some water treatment 758 

techniques. According to Talvitie et al. (2017a), WWTPs do not retain a portion of "fiber-shaped" plastic. As a 759 

result, in order to enhance plastic removal efficiency, the final stage treatments must be adequately formulated for 760 

fiber removal. Dissolved air flotation (DAF) is proposed as an alternative to membrane filtrate to avoid membrane 761 

fouling concerns (Rocha-Santos et al., 2020). Several studies have shown that DAF's capacity to eliminate MPs 762 

is unsuccessful (Talvitie et al., 2017a). Wang et al. (2021c) improved its performance by using a range of 763 

flocculants and surface modifiers, attaining a removal efficiency of 68.9-43.8%. Because MPs exist in various 764 

polymer forms and differ in their properties, particularly their surface chemistry, they significantly influence 765 

flocculants, making it even more challenging to select the most matched flocculant (Ma et al., 2019b). Common 766 

flocculants are iron or aluminum-based and have limited flexibility (Lapointe et al., 2020). Other polyelectrolyte-767 

based flocculants, despite their greater flexibility in removing MPs, are detrimental to aquatic life because they 768 

stay in the water (Harford et al., 2011; Pereira et al., 2018). 769 

MPs and NPs removal is critically dependent on their sizes; for example, a study found that the removal 770 

efficiency of MPs was 99.5% in membrane bioreactors systems and 97% in oxidation ditch systems, but 40% of 771 

MPs were >500 µm in size and 29% MPs fell in the 62.5-125 µm range (Lv et al., 2019). Moreover, MPs and NPs 772 

with a diameter of 1 µm are more dangerous because their increased surface area allows toxic substances to be 773 

absorbed. However, the efficiency of these MP/NP elimination is little understood (Tufenkji and Elimelech, 2004; 774 

Wang et al., 2021c). Future research must thus prioritize the elimination of MPs from aquatic systems. 775 

Although integrating different strategies could enhance the MPs removal performance in the membrane 776 

filtration system, when two MPs removal methods, MBRs, and conventional active sludge, were compared, MBRs 777 

had a little higher removal efficacy (99.4%) than CAS (98.3%) (Lares et al., 2018). However, membrane filtering 778 

can be challenging due to pore blockage and biofilm thickness (Joo et al., 2021). According to Xiong and 779 

colleagues, MPs evoked the manufacture of proteins and polysaccharides, which can accumulate on membrane 780 

surfaces and cause massive membrane fouling. The components of extracellular polymeric substances that were 781 

accelerated by the availability of MPs were the primary contributors to membrane fouling. In contrast, microbial 782 

community distribution analysis revealed that Alphaproteobacteria, Flavobacterium, and Pseudomonas were 783 

more prevalent in samples containing MPs. Therefore, it can be speculated that the presence of MPs may promote 784 



the growth of specific microorganisms capable of biodegrading plastic and plastic-related chemicals. In membrane 785 

bioreactors (MBRs), quicksand filtration was proposed by Ngo et al. (2019) as a low-cost and affordable 786 

maintenance approach with a greater removal capacity. Nonetheless, a comparison of MBR and quicksand 787 

filtration found that membrane filtration removed 99.9% of MPs, whereas rapid sand filtering removed just 97% 788 

(Talvitie et al., 2017a). Ngo et al. (2019) ascribed the decline in fast sand filtering efficacy to the high porosity of 789 

the filter material after the working period. The more porous material is created by combining anthracite coal with 790 

sand. 791 

Likewise, the activated sludge approach is used for wastewater treatment; however, according to Carr et al. 792 

(2016) and Rummel et al. (2017), characteristics such as nutrient content and retention duration influence the MPs 793 

removal rate. Increasing the retention duration and nutrient content in wastewater in such cases may result in 794 

cross-contamination, affecting removal effectiveness. Increasing reagent dosage, membrane fouling, and nitrogen 795 

conversion rate inhibition, among other variables, diminish MPs removal efficiency in wastewater treatment (Wu 796 

et al., 2021b). Dong et al. (2021b) observed that humic acid accelerated the mobility of PET microplastics with a 797 

mass recovery rate of up to 49.8%, with the impact being more noticeable at increasing electrolyte concentrations. 798 

HA in solutions may coat the surfaces of both micro/nanoparticles and porous media, which increases electrical 799 

repulsion by increasing electronegativity and creates a steric hindrance to impede the deposition of PET 800 

microplastics onto the media surface (Dong et al., 2017). Furthermore, the HA adsorbed on the surface of 801 

fragmental PET microplastics might modify their irregular shape, thus increasing their mobility in porous settings 802 

(Dong et al., 2021a). 803 

 Membranes with the potential to degrade MPs would also be demanded in the future. In a previous study, 804 

Tofa et al. (2019) used ZnO nanorods (a nano-coating approach), and a 30% breakdown rate of MPs (PE films 805 

and fragments) was found. The degradation process was accelerated by using heterogeneous Zinc oxide 806 

photocatalysts activated by visible light. Photocatalyst degradation is presented as a cost-effective option for water 807 

treatment due to fewer byproducts. In their study, Li et al. (2018) revealed an effective technique for eliminating 808 

MPs. They offered a polymer-coated elongated mesh screen as a modification strategy, which was strong and 809 

easily produced from a range of materials; moreover, this modified screen was advantageous since it did not 810 

require mechanical devices or electrical power. 811 

6.2  Effect of different factors on the adsorption  812 

 The potential of PS to adsorb more material was enhanced by higher GO concentrations (Sun et al., 2020). 813 

The results showed that 12 h elapsed following a gradual increase in PS adsorption on ChGO sponges. The positive 814 



correlation between removal efficiency and sponge concentration (r = 0.989) demonstrated that the removal of 815 

PS-COOH and PS-NH2 by Ch, ChGO-50, and ChGO-100 was dose-dependent (Fig. 9B-C). The - interactions 816 

between organic molecules and the graphene surface are crucial for adsorption, according to recent research (Song 817 

et al., 2018). The ChGO-100 treatment's accessible sites were sufficient for MPs adsorption at 1 mg L-1, the 818 

maximum concentration recorded in actual water systems (Lu et al., 2016b). Similar to GO concentration, MPs 819 

concentration demonstrated some beneficial adoption impact (Yuan et al., 2020). In a preliminary investigation 820 

on MPs adsorption on 3D rGO, the standard solution concentration is linearly related to its absorbance at 720 nm. 821 

The linear fitting has a correlation coefficient R2 of 0.999, suggesting that it is faultless. The initial concertation 822 

of MPs and 2D materials could be a limiting factor in adsorption performance. For instance, the adsorption 823 

efficiency of 3D rGO increased from 118.72 mg/g to 533.83 mg/g with an increase in PS initial concentration 824 

from 100 to 600 mg/L. Whereas the initial rise in pH from 2 to 6 improved adsorption and reached maximum 825 

(66.63 % and 522.06 mg/g), further increase in pH reduced the MPs adsorption on 3D rGO. Despite electrostatic 826 

repulsion between PS MPs and 3D rGO under acid and alkaline environments, PS MPs remove more than 55% 827 

of 3D rGO, with less than a 10% discrepancy between peak and weakest adsorption rates. This reveals that pH 828 

has little influence on PS MPs adsorption onto 3D rGO. Another study (Sun et al., 2020) used ChGO to evaluate 829 

PS adsorption as a function of pH because of its high adsorption capacity and found that pH affects the surface 830 

charge density and ionic strength of MPs and ChGO sponges. Because OH- may compete with negatively charged 831 

PS for exchange sites at higher pH (Liu et al., 2014; Liu et al., 2016a), the maximum adsorption impact (92.9% 832 

removal efficiency) was reported at pH 6, while the lowest was at pH 10. pH showed no effect on adsorption 833 

performance within wastewater discharge standards (pH = 6-9; GB18918-2002) (Lu et al., 2016a). PS-COOH and 834 

PS-NH2 elimination were similar at pH 6 and 10 (Figure 10E-F). PS-removal carboxylic group’s effectiveness 835 

decreased when pH neared 8 compared to pH 4 and 6. H+ and PS-NH2 in the acidic solution made adsorption 836 

problematic. This is why PS-NH2 elimination was less successful at pH 4. It is generally acknowledged that many 837 

functional groups, such as -NH2 and -COOH, are imparted to the surface of PS by solar radiation or weathering 838 

(Kim et al., 2017). As shown in Figure S3, the FTIR spectra of ChGO-300 and MPs suggested a combination of 839 

ChGO and MPs features. After adsorption, the peak at 1663 cm-1 in the spectra of ChGO-300 and PS-NH2 moved 840 

to 1608 cm-1, indicating an increase in the amide I. A signal corresponding to PS-COOH carboxyl C = O is 841 

detected at 1737 cm-1. 842 

Furthermore, the SEM image supported the adsorption of MPs by ChGO-300 and indicated the following 843 

adsorption capacity order: PS-NH2 ≈ PS > PS-COOH (Fig. 9a–c, Fig.S2). Because of the electrostatic interaction 844 



between positively charged MPs (Table 1) and GO, whose surface was covered with different functional groups 845 

such as OH- and -COOH, PS, and PS-NH2 were removed more quickly (Song et al., 2018). As the temperature 846 

climbed, the removal efficiency of MPs increased from 66.83% to 72.63%, while the adsorption capacity of 3D 847 

rGO increased from 534.60 mg g-1 to 598.98 mg g-1. This study shows that increasing the temperature is beneficial 848 

for MPs adsorption on 3D rGO, most likely due to the fast diffusion of MPs inside 3D rGO. The temperature was 849 

reduced to 26 degrees Celsius to save electricity, and the removal efficiency did not differ considerably. Ion’s 850 

concentration is another factor as PS MPs' removal efficacy fell from 66.71 to 53.23% when NaCl concentration 851 

rose, whereas 3D rGO's adsorption capacity fell from 533.68 to 432 mg g-1. 3D rGO was positively charged, while 852 

PS MPs were negatively charged at pH 6. Na+ adsorbs onto PS MPs, neutralizing negative charges and reducing 853 

electrostatic attraction between 3D rGO and PS MPs (Wu and Yu, 2019). 854 

6.3 Membrane fouling 855 

The size range of pollutants largely dictates membrane fouling (for example, MPs), the size and surface 856 

features of the membrane pore, the support layer architecture, and the module design (e.g., number and thickness 857 

of spacer sheets, number of fibers and membrane sheets in modules, water flow rate, etc.). Smaller particles than 858 

the pore size of the membrane can cause permanent internal fouling, whereas larger particles can plug holes or 859 

create cake layers by physical adsorption (Abdelrasoul et al., 2013; Enfrin et al., 2019). 860 

Enfrin et al. (2020) examined the fouling produced by nano- and microplastics (size range: from 13 to 690 861 

nm) on a commercial UF poly(sulfone) membrane with 31 nm pores. Cross-flow filtration of plastic particles at 1 862 

bar pressure for 48 hours reduced permeate water flux by 38% owing to NPs/MPs interactions with the membrane 863 

pores and surface. Within 48 hours of filtering, more than 25% of the feed's nano- and microplastics were absorbed 864 

onto the membrane surface. Concentration polarization increases solute content on the membrane surface and 865 

promotes surface fouling, which can create a boundary layer near the membrane walls (Guha et al., 2017; Zargar 866 

et al., 2020). Li et al. (2020b) observed that PVC-MPs at 10 MP/L enhanced MBR membrane fouling. MBR 867 

eradicated practically all MPs due to the membrane pore size (0.1 μm) and PVC particle size (<5 μm). Membrane 868 

fouling induced by MPs increased both reversibly and permanently due to tiny MPs entering membrane pores. In 869 

contrast, Maliwan et al. (2021) found MPs decreased MBR system fouling. The scouring by the presence of 870 

polyester (fiber), PA (fiber), PP (fragment), and PE (fragment) (particle sizes ranging: from 0.3 to 5.6 mm) and 871 

concentrations (from 7 MP/L 10 75 MP/L) reduced the MBR fouling. There is a disagreement between two recent 872 

studies due to MPs with various size ranges. The first study utilized MPs smaller than 5 μm that might clog MBR 873 

filters, whereas the second used MPs larger than 300 μm that could function as scouring agents. This suggests 874 



membrane pore size for MPs removal should be changed to account for MPs size ranges in WWTP effluent. 875 

Because there have been few studies on MPs smaller than 1 μm and NPs in WWTP effluents, more research is 876 

needed to identify the most typical MPs and NPs size ranges to design the tertiary membrane processes. 877 

7 Conclusion and future perspective 878 

Although MPs are ubiquitous and all living bodies are facing similar risks, marine life is significantly 879 

deteriorating with MPs. The number of MPs in the environment and the inefficiency of current equipment make 880 

cleaning marine regions challenging. Another difficulty with MPs filtering is the potential exclusion of other 881 

marine animals. MPs can be as small as or smaller than plankton and other microorganisms on the ocean's surface. 882 

Because of their comparable size and density, selectively removing MPs from sea water is not possible. Therefore, 883 

further introduction in the environment needs to be prevented and the methods discussed be used to treat effluents 884 

before entering the water cycle. 885 

MPs contain a large specific surface area and hydrophobicity which are conducive to adsorbing other toxic 886 

substances from the environment, including polychlorinated biphenyls, polycyclic aromatic hydrocarbons, and 887 

dichlorodiphenyltrichloroethane which enter into the human body via inhalation, ingestion and produces 888 

hazardous impacts.  889 

Plastic must be removed from the sludge before it may leave the sewage treatment facility. Sludge combustion 890 

is being used in certain WWTPs. MPs are removed alongside the residual sludge in this case. However, not all 891 

wastewater treatment plants do this, therefore if water is reused, MPs should be filtered here to prevent 892 

environmental pollution. 893 

For applications for which biodegradable polymers cannot be used, synthesis of more stable plastic polymers, 894 

particularly for the marine environment, is also recommended, which ultimately releases fewer MPs. Scientists 895 

have used nanofillers such as graphene, carbon black, carbon nanotubes, and other carbonaceous components to 896 

reinforce plastic polymers to improve their thermal, mechanical, and electrical properties (Tarfaoui et al., 2019). 897 

Nanofillers have a high elastic modulus and the ability to prevent fracture formation. In addition, 2D material like 898 

graphene can restrict MPs' creation, easing pollution control and lowering management costs. Recently, melt-899 

processing was used to incorporate graphene nanosheets (GNs) into thermoplastic polyurethane (TPU) to create 900 

high-performance composites (Huang et al., 2021). MPs release of the generated composites is significantly 901 

inhibited during oxidative degradation due to the barrier effect of GNs and the strong interfacial connection, while 902 

mechanical characteristics are simultaneously enhanced. In contrast to those application where a really long and 903 



stable life is needed, a strategy should also be to use biodegradable polymers for all the purposes where no lang 904 

life time is needed. This also removes MPs on the long term.  905 

The membrane filtration alone and with other strategies such as coagulation, flotation, and degradation are 906 

reasonable advantages over conventual MPs removal treatments. Yuan et al. (2020) demonstrated that porous 3D 907 

rGO has good adsorption affinity for PS-MPs limited scale. This technique has also shown outstanding success in 908 

eliminating PS MPs from tap water and lake water. In the future, this method has the potential to be an effective 909 

MPs treatment industrial level for the removal of other types of MPs from natural water.  910 

Other 2D materials, particularly the graphene family and MXenes, showed complete MPs removal depending 911 

on operating conditions. However, more studies are required to optimize MPs' more economical and energy-912 

efficient removal via 2D material-based membrane filtration systems, which may include pre-treatment, 913 

incorporation of coagulants, flotation, and other mechanical and biological strategies.  914 

One challenge in MPs filtration is the presence of a higher amount of organic matter and other contamination 915 

in water; a pre-treated stream enters the bioreactor, where organic contaminants biodegrade for this semi-916 

crossflow filtration is promising to separate the mixture. In addition, this technique may have further numerous 917 

fouling-control methods. Current plans include scouring aeration, in-situ chemical cleaning, enzymatic and 918 

bacterial foulant breakdown, and nanomaterial-based membranes (Meng et al., 2017). This might also be 919 

accomplished by altering the system's hydrophobicity.  920 

Noticeably membranes themselves are also potential sources of MPs in water. Membrane technology is 921 

widely used in water and wastewater treatment today and has a thriving industry. According to a new GIR (Global 922 

Info Research) analysis (Market, 2020), the global market for Membrane Filtration is expected to grow from 4710 923 

million US dollars in 2019 to 7030 million US dollars in 2024. The rapid proliferation of membrane processes 924 

has necessitated the development of methods to reuse and recycle these materials (Lejarazu-Larrañaga et al., 925 

2020).  926 

The removal of MPs from wastewater has received a lot of interest recently; however, the collection/removal 927 

of MPs from stormwater has received less attention (Liu et al., 2022). The gathering of MPs is also supported for 928 

more effective and long-term control of MPs. Integration of membrane filtration systems with other strategies, 929 

such as constructed wetlands, which can remove 28% of MPs, might be beneficial. On the other hand, Alam et al. 930 

(2018) claim that decentralized stormwater treatment methods such as catch basins, filter strips, gross pollutant 931 

traps, and grass swales are unsuccessful at eliminating MPs. 932 



 Competitive development is being pursued in MPs extraction to design standard extraction methods with the 933 

maximum output. The cutting-edge model includes plasma electrolytic oxidation, graphene-based adsorption, 934 

electrocoagulation, nanocomposite membrane filtering, and magnetic separation. Sun and coworkers (2020) 935 

proposed a nano-adsorbent made with GO and chitin that has a high efficiency for MPs recovery after separation. 936 

With the predominance of PS and its effects in mind, research on rGO is undertaken in order to acquire the 937 

optimum reusability and biocompatibility as an adsorbent. Similarly, the polymeric membrane more effectively 938 

traps polystyrene-based MPs. Perren et al. (2018) stated 99% removal of polyethylene-based MPs can be achieved 939 

using a low-cost electrochemical pathway, and magnetic extraction yielded 95% removal of polyvinyl chloride-940 

based MPs (Rhein et al., 2019). Integration of different sorbents could also be promising in MPs removal. For 941 

instance, corn straw and hardwood biochar removed 95% PS microspheres (Wang et al., 2020d), and magnetic 942 

nano-Fe3O4 demonstrated >80% removal of PET and PE MPs (Shi et al., 2022). Furthermore, photocatalytic 943 

micromotors made of Au@Ni@TiO2 have only recently been used for MPs separation (Rius-Ayra et al., 2021). 944 

Likewise, novel strategies for extracting polymeric MPs from aqueous media are being developed. 945 

Some strategies, particularly MPs degradation, can completely disintegrate the MPs in the solution; therefore, 946 

no MPs residue is available for further treatment. For instance, Meng et al. (2022) demonstrated 100% PE removal. 947 

Real-time photodegradation assisted by m-TiO2/rGO oxygen gas (16.1%) or trace of H2O2 (0.008 mM) (27.7%). 948 

This strategy holds high promise in alleviating the “white pollution” and generating no secondary pollution for 949 

sustainable development.  950 

Several routes exist for the recycling of MPs residue obtained from membrane separation: (1) heating process 951 

of MPs to transform them into fibers, followed by spinning into thread for use in garments (Sarioglu and Kaynak, 952 

2017), (2) degradation of collected MPs into CO2 and H2O. Then, carbon dioxide can e.g., be electrochemically 953 

transformed into CO for use as a gasoline precursor (Zhou et al., 2019). (3) Carbon dioxide can also be used to 954 

extract carbon for the synthesis of graphene and other very valued compounds (Chakrabarti et al., 2011). (4) The 955 

catalytic oxidation method used during PE elimination can transform CO2 products into high-value hydrocarbon 956 

fuels (Meng et al., 2022). 957 
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Figure 1: Cycle of MPs from water to accumulation in human food 979 
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Figure 2: Current technologies used for removing MPs 983 
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  992 

Figure 3: Scheme of the process for removal (A) and removal efficiency (B) of polyethylene (PE) using 993 
FeCl3·6H2O and anionic polyacrylamide (PAM) (elaborated from Ma et al. (2019b)). 994 
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 998 

Figure 4: Synthesis of GO/PVA/GA membrane. Reproduced from (Dey et al., 2022). 999 
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 1001 

Figure 5: (a) Schematic diagram of the morphological formation of h-rGO and membranes based on h-1002 
rGO nanosheets formation, (b) schematic diagram of the filtration of MPs. (Reproduced from Yang et al. 1003 

(2022b) with permission under creative commons CC-BY license, 2022). 1004 

https://www.sciencedirect.com/topics/chemical-engineering/nanosheet


 1005 

Figure 6. Removal of FP microspheres using membranes based on h-RGO nanosheets. (a), (c) Fluorescence 1006 
microscopy view of pre-filtered and filtered sample, (b) FP microspheres suspension before and after filtration 1007 
under UV lamp, (d) and (e) SEM images of FP microspheres before and after filtering, the inset plot is particle 1008 
size distribution based on nano particle size and Zeta potential analysis. (f) Fluorescence intensity curves of FP 1009 
microspheres with different particle sizes before and after filtration by h-RGO-1. (g) The removal efficiency of 1010 

FP Microspheres with different particle sizes through three kinds of membranes. (h) Fluorescence intensity 1011 
curves of different concentrations of 200nm FP microspheres before and after filtration by h-RGO-2. (i) The 1012 

removal efficiency of different concentrations of 200nm FP microspheres filtration by h-RGO-2. (Reproduced 1013 
from Yang et al. (2022b) with permission  under creative commons CC-BY license, 2022). 1014 



 1015 

Figure 7. A) Schematic diagram of the morphological formation of h-Ti3C2Tx formation, SEM image of 1016 
Ti3AlC2(B), Ti3C2Tx(C) and h-Ti3C2Tx(D).  Reproduced from Yang et al. (2022a)  with permission  under 1017 

creative commons CC-BY license, 2022). 1018 

 1019 

 1020 

 1021 



 
                            e 

 
Figure 8: SEM images of 3D RGO after adsorption, magnified (a) 300 times, (b) 500 times, (c) 1,500 times, (d) 1022 

1,500 times, and (e) XRD patterns of 3D RGO, PS microplastics, and 3D RGO after adsorption. Reproduced 1023 
from  Yuan et al. (2020) with permission  under creative commons CC-BY license, 2022).  1024 



 1025 

Figure 9 Schematic diagram of the CIP and TC adsorption mechanism on MPs and GO.  Reproduced from Liu 1026 
et al. (2022), Copyright 2018, Elsevier. 1027 



 1028 

Figure 10. Adsorption capacity of PS (A), PS-COOH (B), and PS-NH2 (C) by Ch, ChGO-50, ChGO-100, and 1029 
ChGO-300 sponges at 25 ◦C when the pH is 7, the SEM image of the adsorption of PS (a), PS-COOH (b), and PS-1030 
NH2 (c) on ChGO-300 sponges at 25 ◦C when the pH is 7, and the adsorption capacity of PS (a), PS-COOH (b), 1031 
and PS-NH2 (c) by ChGO-300 sponges at 25 ◦C when the pH is 4, 6, 8, and 10. The error bars represents standard 1032 
deviation (n = 3).  Reproduced from  (Sun et al., 2020), Copyright 2020, Elsevier.  1033 
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Table 1: Occurrence of various types of MPs found in various aqueous media 1037 
Sample type Location MPs concentration MPs types References 

Sewage (locally 

treated) 

stormwater 

Victoria Harbor (Hong 

Kong) 

Effluents: 10,816 

pieces m-3 

PE and PP (Mak et al., 2019) 

Stormwater (retention 

ponds) 

Denmark 127,986-1511 items 

kg-1 

PP, PS, PE, 

Polyurethane, PVC. 

(Liu et al., 2019b) 

Stormwater drainage 

system (sediments) 

 

 

Perth region (Western 

Australia) 

0-3500 MPs kg-1 of 

dry sediment 

Mean concentration: 

664 particles kg-1 

Fibres, PE, PP, PET 

Polyamide (Nylon) 

(Lutz et al., 2021) 

Surface water Yellow river (China) 1760 ± 710 to 10,120 

± 4090 MPs m-3 

Colored particles 

(fibres), PE, PS, 

Polybutylene 

terephthalate 

(Wang et al., 2019d) 

 

Sea water Mediterranean Sea 

(NW) 

0.23 ± 0.20 MPs m-3 PET (Lefebvre et al., 2019) 

Mollusc species Tunisia 1031.1 items kg−1 

(ww) 

PP and PE 

 

(Abidli et al., 2019) 

Surface water Western Lake 

Superior 

Mean: 1200 mg km-2 

Range: 91–3538 mg 

km-2 (mass per unit 

area). 

PVC, PP, PE  (Hendrickson et al., 

2018) 

Drinking water Germany Mean: 0.7 MPs m-3 

Range: 0–7 MPs m-3 

PE, PA, Polyester 

PVC or Epoxy resin 

(Mintenig et al., 2019) 

 

Mineral water 

(bottled) 

Bavarian (Germany) From 2649 ± 2857 to 

6292 ± 10521 MPs L-1 

PE, Styrene-

butadiene-copolymer 

(Oßmann et al., 2018) 

 

Surface water Qinghai Lake (China) 0.03 × 105 -0.31 × 105 

MPs km-2 

 PE, PP (Xiong et al., 2018) 

Surface water Snake and lower 

Columbia Rivers 

483-967 MPs m-3 PET, PE, PP, PS, PA (Kapp and Yeatman, 

2018) 

Sea surface Southeast Spain 0.10 ± 0.09 MPs m-2 PE(54.5%), PP 

(16.5%), PS (9.7%) 

(de Haan et al., 2019) 

Water Danjiangkou 

Reservoir (China) 

467–15,017 MPs m-3 Fibres, small-sized 

items, PP 

(Di et al., 2019) 

Waste water Wastewater was 

collected at the Seine-

Centre wastewater 

treatment plant 

260–320 × 103 MPs 

m–3 

Fibres  (Dris et al., 2015) 

 

Surface water Lake Winnipeg 

(Canada) 

4.74x 10943 Fibres, Films and 

foams (less common) 

(Anderson et al., 2017) 

Surface water Ottawa River 0.05- 0.24 fragments 

L-1 

Microfibers (70%- 

100%), plastic 

microbeads 

secondary plastic 

fragments 

(Vermaire et al., 2017) 

Plastic water bottles Germany Average: 118 ± 88 

particles L-1 in 

returnable bottles, 

14 ± 14 particles L-1 

(single-use plastic 

bottles) 

Most of the particles 

in  PET ( 84%), PP 

(7%). 

(Schymanski et al., 

2018) 

Surface water Lake Bolsena, Lake 

Chiusi (Central Italy) 

2.68- 3.36 particles m-

3 (Lake Chiusi) 

0.82- 4.42 particlesm-3 

(Lake Bolsena) 

 

Fibres (Fischer et al., 2016) 

 

Highly urbanized river Chicago (Illinois, 

USA) 

1.94 (0.81) m−3 

(upstream) 17.93 

Fibres, Fragments 

Pellets, Styrofoam 

(McCormick et al., 

2014) 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyethylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/epoxy-resin
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyethylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyethylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polypropylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyethylene-terephthalate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyethylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polypropylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polystyrene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polypropylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyethylene-terephthalate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polypropylene


(11.05) m−3 

(downstream) 

Surface water Hudson River (USA) Average= 0.985 

microfibers L-1 

Microfibers (Miller et al., 2017) 

Raw sewage sludge Netherlands Mean particle 

concentrations= 68–

910 L-1, 51–81 L-1 and 

510–760 kg− 1 wet 

weight (ww) (particle 

sizes between 10 and 

5000 μm). 

Fibres (Leslie et al., 2017b) 

Saigon River Vietnam 172,000-519,000 items 

m-3 (fibres) 

10-223 items m-3 

(fragments) 

PE, PP, Fibers mainly 

made of polyester. 

(Lahens et al., 2018) 

Fresh water Lake Hovsgol 

(Mongolia) 

20,264 particleskm-2 Fragments, Films (Free et al., 2014) 

 

Fresh water Lake Maggiore 

Lake Iseo 

Lake Garda. 

Fragments (73.7%) PE (45%), PS (18%), 

PP (15%) 

(Sighicelli et al., 2018) 

Reservoir ecosystems Xiangxi River 

(backwater area) 

Concentrations 

ranging from 0.55 × 

105 to 342 × 105 

itemskm-2 

PE, PP, and PS (Zhang et al., 2017) 

Freshwater Taihu Lake ( 

China) 

3.4–25.8 items L-1 Fiber (100–1000 μm 

size, cellophane 

composition) 

(Su et al., 2016) 

Fresh water Antuã River (Portugal) 58–193 items m-3 PE, PP (Rodrigues et al., 

2018) 

springs and wells 

(<65m) 

karst aquifers, Illinois 

(USA) 

Average= 6.4 

particlesL-1 

maximum 

concentration= 15.2 

particles L-1. 

Fibres (>0.45 µm) (Panno et al., 2019) 

Groundwater (30 m 

deep wells) 

Holdorf (Germany) minimal 

concentrations= 0–

0.007 particles L-1 

average concentration 

of =0.0007 particles L-

1 

Fragments 50–150 µm 

in size. 

(Mintenig et al., 2019) 

Groundwater 

boreholes 

North West of South 

Africa 

0.0417 fragments L-1 

0.1250 fibres L-1 

Fragments (Bouwman et al., 

2018) 

Marine water Coastal waters (India) 1.25 particles L-1 Fragments, Fibre/line, 

foam, PE, PP 

(Robin et al., 2020) 

Marine - - Fragments, 

Fibre/line,foam, PE, 

PP, PS 

(Karthik et al., 2018) 

Marine - 0.004–4,137 

particlesL-1 

- (Avio et al., 2017) 

River - 10–520 particles L-1 Film, Fragments, 

fibres,PE, PA, PP,PET 

 (He et al., 2020) 

River - 50.3–1,600 particles L-

1 

PP, Polyester, Rayon 

cotton, viscose 

phenoxy resin, Poly 

(vinyl stearate) 

(Peng et al., 2018) 

 1038 
 1039 
 1040 
 1041 
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sewage-sludge
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyethylene
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Table 2: Different strategies and outcomes of MPs removal from water  1043 

Strategies to remove 

MPs 
Water type 

Study 

nature/location 

Removal rate of 

MPs/removal 

efficiency 

References 

Mechanical and chemical 

pretreatment 
wastewater Finland 97.4-98.4% 

(Talvitie et al., 

2017a) 

Screening, grit removal, 

sedimentation 
wastewater Australia 31.8% 

(Ziajahromi et al., 

2021) 

Screening, grit separation wastewater Finland 90% (Lares et al., 2018) 

Primary settling tank wastewater South Korea 62.7% 
(Hidayaturrahman 

and Lee, 2019) 

Aerated grit chamber 

Oxidation ditch 
wastewater China 16.5% (Lv et al., 2019) 

Aerated grit chamber 

Sedimentation tank 

sewage 

water 
China 58.84 ± 8.05% (Yang et al., 2021) 

Coagulation 

sedimentation 
DWTP China 40.5 to 54.5% (Wang et al., 2020c) 

Activated sludge 

Rapid sand filtration 
wastewater  Denmark 99% (Simon et al., 2018) 

Membrane bioreactor WWTP Finland 99.9% 
(Talvitie et al., 

2017a) 

Secondary setting tank WWTP China 97% (Lv et al., 2019) 

A2O treatments 

sewage 

treatment 

plant 

China 54.47 ± 14.73%  (Han et al., 2019) 

Disc filter wastewater Finland 40% to 98.5%  
(Talvitie et al., 

2017a) 

Rapid sand filter wastewater Finland  97.1% 
(Talvitie et al., 

2017a) 

Dissolved air flotation wastewater Finland  95% 
(Talvitie et al., 

2017a) 

RO wastewater Australia 90.5% 
(Ziajahromi et al., 

2017) 

Ozone wastewater South Korea 99.2% 
(Hidayaturrahman 

and Lee, 2019) 

Membrane disc filter wastewater South Korea 99.1% 
(Hidayaturrahman 

and Lee, 2019) 

Coagulation (ferric 

chloride and aluminum 

chloride treatment)  

In a 

synthetic 

drinking 

water 

matrix. 

 

Al-based coagulant= 

36% 

Fe-based 

coagulant=17% 

(Ma et al., 2019a) 

Sedimentation  

biofilter 
WWTP Paris France 88.1% (Xu et al., 2021c) 

Grit separation WWTP Mikkeli (Finland) 99.3% (Xu et al., 2021c) 

Reverse osmosis WWTP Sydney (Australia) 98.25% (Xu et al., 2021c) 

Activated sludge process WWTP Finland 99.9% (Xu et al., 2021c) 

Aeration, activated sludge WWTP 
Los Angeles (United 

States) 
99.9% (Carr et al., 2016) 

Grit removal, aeration, 

sedimentation  
WWTP 

Glasgow, Scotland 

(United Kingdom 
98.41% (Murphy et al., 2016) 

Activated sludge, grit 

removal, screening 
WWTP 

Detroit (United 

States) 
95.6% 

(Michielssen et al., 

2016) 

Membrane bioreactor WWTP Netherlands 25% (Leslie et al., 2017a) 

A2O, sedimentation  WWTP Wuhan (China) 40.7% (Liu et al., 2019d) 

A2O, aerated grit 

chamber, sedimentation 
WWTP Beijing (China) 58.8% (Yang et al., 2019) 

Aeration WWTP 
Seyhan, Adana 

(Turkey) 
73% 

(Gundogdu et al., 

2018) 



Sand filter treatment, 

disinfection, 

sedimentation 

WWTP Northern Italy  84% (Magni et al., 2019) 

MBR (Ultrafiltration) MWWTP - 99.9-100% 
(Talvitie et al., 

2017a) 

RO (reverse osmosis) MWWTP - 99-100% (Sun et al., 2019) 

Powdered activated 

carbon and ultrafiltration 
MWWTP - 99-100% 

(Baresel and 

Olshammar, 2019) 

Dynamic membrane of 

non-woven fabric, woven 

filter, stainless steel mesh 

MWWTP - 99.5% (Zhang et al., 2019a) 

RSF (sand filtration) MWWTP - 97% 
(Talvitie et al., 

2017a) 

Dissolved air flotation MWWTP - 95% 
(Talvitie et al., 

2017a) 

Hybrid sand and biochar 

filtration 
- - >95% (Wang et al., 2020d) 

Iron-modified biochar 

pyrolyzed at 550 °C & 

850 °C 

- - ∼100% (Singh et al., 2021) 

Steam activated pine and 

spruce bark biochar 

pyrolyzed at 475 °C & 

steam-activated at 800 °C 

- - 

∼100% for cylindrical 

PE pieces and fleece 

fibers. 

(Siipola et al., 2020) 

Mg/Zn modified magnetic 

biochar 
- - 

98.75% for Mg-MBC 

99.46% for Zn-MBC. 
(Wang et al., 2021b) 
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Table 3: Comparison of contrasting characteristics of different membranes (Shon et al., 2002; Sagle and Freeman, 2004) 1045 
Properties RO NF UF MF 

Material Cellulose acetate or 

polysulfone coated 

with aromatic PAs 

 

Cellulose acetate blends or PA 

composites like the RO 

membranes, or they could be 

modified forms of UF 

membranes such as sulfonated 

polysulfone 

Poly(vinylidene fluoride), 

polysulfone, poly(acrylonitrile) 

and poly(acrylonitrile)-

poly(vinyl chloride) copolymers. 

Poly (ether sulfone) 

Poly(vinylidene fluoride), 

polysulfone, poly(acrylonitrile) and 

poly(acrylonitrile)-poly(vinyl 

chloride) copolymers  

Effective in 

removal 

All contaminants  

 

Can remove ~50% hardness, 

>90% color 

 

Colloids and macromolecules 

such as protein, dyes and 

polymeric substance 

Bacteria, suspended solids, organics, 

Common use For salts and LMW 

pollutants phenolic 

wastewater from paper 

mill, oily wastewater, 

dumpsite leachate  

Textile Industrial WWTPs, vegetable oil 

factory, metal finishing industry, 

oily wastewater, phenolic 

wastewater from paper mill 

Membrane bioreactors, municipal 

wastewater (disinfection and 

phosphorus removal), synthetic 

emulsified oily wastewater 

Advantages More efficient for 

drinking water 

treatment 

Higher removal of organic than 

RO, Economic due to low 

operating pressure 

High recovery for paints, lignin, 

black liquor 

Permeate can removed by backwash 

Limitations More vulnerable to 

organic fouling 

Both charge and size of 

pollutants impacts more 

vulnerable to organic fouling  

Unable to remove soluble 

pollutants, pH sensitive, more 

frequent backwash require 

High membrane fouling, high cost 

Composition Composite/asymmetric  Composite/asymmetric asymmetric Isotropic 

Nonporous Finely porous Porous Porous 

Filtration 

routes 

Diffusion Ions and small molecule: 

Electrostatic hydration 

diffusion; Macromolecules and 

colloids: sieving 

Sieving/preferential adsorption Sieving and adsorption 

Pure water 

flux 

10-100 20-200 100-2,000 500-10,000 

Pressure 20-100 atm 7-30 atm 1-10 atm 0.5-5 atm 

Molecular 

weight 

<200 Da Tight: 200-300; Loose: 300-

1000 

Tight: 1000-10000; Loose: 

1000-100000 

Tight: 100000-0.01µm; Loose: 0.01 

µm -0.05µm 
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48 
 

Table 4: Efficiency of graphene, GO, rGO and MXenes in treatment of MPs  1047 
Types of Materials MP types Experimental 

conditions 

Removal  Observation Referen

ce 

Holey Ti3C2 

membrane 

fluorescent 

PS MPs  

0.4 mg ml-1 

(M1) to 1.2 

mgml-1 (M5); 

0.8 mg ml-1 of 

h-Ti3C2Tx  

99.3%   The removal mechanism was size 

exclusion. 

Archived high flux rate: 196.7 L 

m-2 h-1 k Pa-1 to 68.9 L m-2 h-1 k 

Pa-1 

(Yang et 

al., 

2022a) 

Chitin and graphene 

oxide sponges 

PS, PS-

COOH- 

and PS-

NH2 

0, 0.2, 0.5, 1, 

and 3 mL of 

GO 

89.8%, 72.4%, 

and 88.9% for 

PS, PS-COOH- 

and PS-NH2 

Electrostatic interactions, 

hydrogen bond interactions, and π 

− π interactions, the adsorption 

efficiency of PS:5.89. 7.52, and 

8.46 mg g−1 at 25, 35, and 45 ℃ 

(Sun et 

al., 

2020) 

Chitin-GO and 

Chitin-O-C3N4 

sponges 

PS, PS-

COOH- 

and PS-

NH2 

GO=0.3 g; O-

C3N4=0.3 g; 

Chitin=6 g 

Removal rate of 

all three types 

of MPs=71.6–

92.1% 

Chitin provides robust sponge 

structure and support embedded 

GO and O-C3N4 to have π − π for 

MPs adsorption. 

(Sun et 

al., 

2021a) 

Holey reduced 

graphene oxide (h-

rGO) nanosheets 

PS 0.25 mg ml-1, 

0.5 mg ml-1, 

0.75 mg ml-1 

h-rGO; 30% 

H2O2; 48 h; 

99.9% Size exclusion and adsorption 

37.19 L m-2 h-1 k Pa-1 

(Yang et 

al., 

2022b) 

rGO/PAN PET 0.11% to 

0.83% w/w; 

alkaline 

solution 300 W 

Xe lamp (>420 

nm); Catalyst 

dose/mg 10 

> 82% 150 nm to be effectively 

separated. 

(Fryczko

wska and 

Przywar

a, 2021) 

MXene/ZnxCd1-xS 

photocatalysts 

PETMPs  50 mL PET 

solution 

100% The photocatalytic H2 evolution 

rate was 14.17 mmol g-1 h-1, 

glycolate, acetate and methanol 

were generated 

(Cao et 

al., 

2022) 

Ag/TiO2 modified 

using 

reduced graphene 

oxide 

TiO2 and 

UV 

3%Ag/TiO2–

1% RGO; 

Ag/TiO2 and 

pure TiO2 

56-76% 3%Ag/TiO2–1% RGO catalyst 

76% degradation compared with 

68 and 56% for Ag/TiO2 and pure 

TiO2, respectively 

(Fadli et 

al., 

2021) 

Reduced graphene 

oxide 3D fibrous 

aerogels (m-

TiO2/RGO aerogel) 

mixed 

suspension 

including 

dominant 

m-TiO2 

nanofibers 

(with the 

average 

diameter of 

167 nm 

PE microfibers 

with a length 

of 3 mm 

MPs removal 

efficiency 

(~100%) 

electricity-free 

system 

pH influenced interactions among 

organic pollutants, MPs and m-

TiO2/RGO fibrous surfaces 

abundant O2
⋅– and OH⋅ free 

radicals were generated from m-

TiO2/RGO aerogel during solar 

evaporation, indicating the ROS 

accelerated photodegradation in 

PE removing 

(Meng et 

al., 

2022) 

3D rGO  

adsorbent 

PS 3D rGO 

concentration:

1.5 mg; 

reaction time:2 

h  

0.6 g L-1 Spontaneous endothermic process. 

The strong π–π interaction 

between the carbon ring of 3D 

RGO and the benzene ring of PS 

MPs. Structural specification of 

rGO facilitates PS removal 

(Yuan et 

al., 

2020) 

Three-dimensional 

reduced graphene 

oxide 

pH=6, C0 = 

600 mg/L, t 

= 120 min, 

and T =26 

°C 

PS 617.28 mg g-1 Spontaneous endothermic process; 

adsorption mechanism was mainly 

attributed to the strong π–π 

interaction between the carbon 

ring of 3D RGO and the benzene 

ring of PS MPs 

(Yuan et 

al., 

2020) 



49 
 

TiO2/graphite polyvinyl 

chloride 

(PVC)  

at 100 ℃ for 6 

h; 

potentiostatic 

electrolysis at -

0.7 V vs. 

Ag/AgCl  

56 wt % 

removal and 75 

% 

dechlorination  

PVC degradation at a high temp. 

PVC dechlorination was mainly 

via direct reduction by the applied 

cathode potential, meanwhile, 

oxidization of OH resulted in the 

oxidation and breakage of PVC 

backbone, 

Organics shedding promoted 

further dechlorination of PVC 

MPs indirectly.  

(Miao et 

al., 

2020) 

Fe3O4/laser-induced 

graphene 

MPs 

particle 

size: 

Melamine 

(2 and 10 

μm), PS 

(10 μm), 

PA (50 μm) 

Fe3O4-LIGPs 

dosage: 5 g L-1 

MPs were 1400 

(PA), 1250 

(PS), 1050 

(melamin:10 

μm), and 775 

(melamine:2 

μm) mg g-1 

Adsorbes all types of MPs which 

are easily desorbed by magnetic 

force. 

Reusable over six cycles. 

possesses great potential for 

industrial 

applications, such as domestic 

sewage or slow-flow water 

treatment plants 

(Jeong et 

al., 

2022) 

Graphene oxide 

(GO) - polyvinyl 

alcohol (PVA) based 

composite membrane 

 HDPE GO: 0.5-5.5 

ratio to PVA 

pH 8, with 3.5 

bar of 

transmembrane 

pressure, and 

15s time 

95% HDPE 

rejection was 

noticed  

Electrostatic repulsion between 

membrane surface and MPs along 

with sieving capacity; 

highest permeability of fabricated 

membrane was 179 L m-2 h-1 k Pa-

1 

(Dey et 

al., 

2022) 

 1048 
 1049 

Authorship contributions 1050 

Conceptualization: Mehmood and B.Mustafa; Data curation: T. Mehmood; B.Mustafa and W. Anum; Formal 1051 

analysis: T.Mehmood, K. Mackenzie, and B. Mustafa; Funding acquisition: L.Peng; Investigation: B. Mustafa, 1052 

T. Mehmood and W. Anum; Methodology: B. Mustafa, W. Ali, R. I. Sabir and W. Anum; Project 1053 

administration: L. Peng, K. Mackenzie; Resources: L. Peng; K. Mackenzie; Software: T. Mehmood and 1054 

W.Anum and B.Mustafa; Supervision: L. Peng; K. Mackenzie; Validation: B. Mustafa, L. Xinghui, and G.K. 1055 

Gaurav; Visualization: B. Mustafa, W. Ali, R. I. Sabir, L. Xinghui, W. Anum and G.K. Gaurav; Writing – 1056 

original draft: T. Mehmood, W. Anum and B. Mustafa; Writing – review & editing:   K. Mackenzie, T. 1057 

Mehmood, and L. Peng. 1058 

All authors have approved the manuscript and agree with its submission to Chemosphere. 1059 

Declaration of competing interest 1060 

The authors declare that they have no known competing financial interests or personal relationships that could 1061 

have appeared to influence the work reported in this paper. 1062 

References: 1063 



50 
 

Abalansa, S., El Mahrad, B., Vondolia, G.K., Icely, J., Newton, A., 2020. The marine plastic litter issue: a social-1064 

economic analysis. Sustainability 12, 8677. 1065 

Abdelrasoul, A., Doan, H., Lohi, A., 2013. A mechanistic model for ultrafiltration membrane fouling by latex. 1066 

Journal of Membrane Science 433, 88-99. 1067 

Abidli, S., Lahbib, Y., El Menif, N.T., 2019. Microplastics in commercial molluscs from the lagoon of Bizerte 1068 

(Northern Tunisia). Marine Pollution Bulletin 142, 243-252. 1069 

Aghilinasrollahabadi, K., Salehi, M., Fujiwara, T., 2021. Investigate the influence of microplastics weathering on 1070 

their heavy metals uptake in stormwater. Journal of Hazardous Materials 408, 124439. 1071 

Ahamed, T., Brown, S.P., Salehi, M., 2020. Investigate the role of biofilm and water chemistry on lead deposition 1072 

onto and release from polyethylene: an implication for potable water pipes. Journal of Hazardous 1073 

Materials 400, 123253. 1074 

Ahmed, M.B., Rahman, M.S., Alom, J., Hasan, M.S., Johir, M., Mondal, M.I.H., Lee, D.-Y., Park, J., Zhou, J.L., 1075 

Yoon, M.-H., 2021. Microplastic particles in the aquatic environment: A systematic review. Science of 1076 

The Total Environment 775, 145793. 1077 

Ai, Y., Liu, Y., Huo, Y., Zhao, C., Sun, L., Han, B., Cao, X., Wang, X., 2019. Insights into the adsorption 1078 

mechanism and dynamic behavior of tetracycline antibiotics on reduced graphene oxide (RGO) and 1079 

graphene oxide (GO) materials. Environmental Science: Nano 6, 3336-3348. 1080 

Alam, M.Z., Anwar, A.F., Heitz, A., Sarker, D.C., 2018. Improving stormwater quality at source using catch basin 1081 

inserts. Journal of environmental management 228, 393-404. 1082 

Allen, S.J., Brown, P.A., 1995. Isotherm analyses for single component and multi‐component metal sorption onto 1083 

lignite. Journal of Chemical Technology & Biotechnology: International Research in Process, 1084 

Environmental AND Clean Technology 62, 17-24. 1085 

Altmann, J., Rehfeld, D., Träder, K., Sperlich, A., Jekel, M., 2016. Combination of granular activated carbon 1086 

adsorption and deep-bed filtration as a single advanced wastewater treatment step for organic 1087 

micropollutant and phosphorus removal. Water research 92, 131-139. 1088 

Anderson, P.J., Warrack, S., Langen, V., Challis, J.K., Hanson, M.L., Rennie, M.D., 2017. Microplastic 1089 

contamination in lake Winnipeg, Canada. Environmental pollution 225, 223-231. 1090 

Association of Plastic Manufacturers, 2020. Plastics–the facts 2020. PlasticEurope. PlasticEurope, London, UK   1091 

pp. 1-64. 1092 



51 
 

Auta, H.S., Emenike, C., Fauziah, S., 2017. Distribution and importance of microplastics in the marine 1093 

environment: a review of the sources, fate, effects, and potential solutions. Environment international 1094 

102, 165-176. 1095 

Avio, C.G., Gorbi, S., Regoli, F., 2017. Plastics and microplastics in the oceans: from emerging pollutants to 1096 

emerged threat. Marine environmental research 128, 2-11. 1097 

Bakir, A., Rowland, S.J., Thompson, R.C., 2012. Competitive sorption of persistent organic pollutants onto 1098 

microplastics in the marine environment. Mar Pollut Bull 64, 2782-2789. 1099 

Balabanič, D., Hermosilla, D., Merayo, N., Klemenčič, A.K., Blanco, A., 2012. Comparison of different 1100 

wastewater treatments for removal of selected endocrine-disruptors from paper mill wastewaters. Journal 1101 

of Environmental Science and Health, Part A 47, 1350-1363. 1102 

Bao, W., Tang, X., Guo, X., Choi, S., Wang, C., Gogotsi, Y., Wang, G., 2018. Porous cryo-dried MXene for 1103 

efficient capacitive deionization. Joule 2, 778-787. 1104 

Barboza, L.G.A., Vieira, L.R., Branco, V., Carvalho, C., Guilhermino, L., 2018. Microplastics increase mercury 1105 

bioconcentration in gills and bioaccumulation in the liver, and cause oxidative stress and damage in 1106 

Dicentrarchus labrax juveniles. Scientific reports 8, 1-9. 1107 

Baresel, C., Olshammar, M., 2019. On the importance of sanitary sewer overflow on the total discharge of 1108 

microplastics from sewage water. Journal of Environmental Protection 10, 1105-1118. 1109 

Barghi, B., Fattahi, M., Khorasheh, F., 2014. The modeling of kinetics and catalyst deactivation in propane 1110 

dehydrogenation over Pt-Sn/γ-Al2O3 in presence of water as an oxygenated additive. Petroleum science 1111 

and technology 32, 1139-1149. 1112 

Barth, M., Wei, R., Oeser, T., Then, J., Schmidt, J., Wohlgemuth, F., Zimmermann, W., 2015. Enzymatic 1113 

hydrolysis of polyethylene terephthalate films in an ultrafiltration membrane reactor. Journal of 1114 

membrane science 494, 182-187. 1115 

Binelli, A., Magni, S., Della Torre, C., Parolini, M., 2015. Toxicity decrease in urban wastewaters treated by a 1116 

new biofiltration process. Science of The Total Environment 537, 235-242. 1117 

Bouwman, H., Minnaar, K., Bezuidenhout, C., Verster, C., 2018. A SCOPING STUDY. 1118 

Bradney, L., Wijesekara, H., Palansooriya, K.N., Obadamudalige, N., Bolan, N.S., Ok, Y.S., Rinklebe, J., Kim, 1119 

K.-H., Kirkham, M., 2019. Particulate plastics as a vector for toxic trace-element uptake by aquatic and 1120 

terrestrial organisms and human health risk. Environment international 131, 104937. 1121 



52 
 

Broda, J., Baczek, M., Fabia, J., Binias, D., Fryczkowski, R., 2020. Nucleating agents based on graphene and 1122 

graphene oxide for crystallization of the β-form of isotactic polypropylene. Journal of Materials Science 1123 

55, 1436-1450. 1124 

Browne, M.A., Dissanayake, A., Galloway, T.S., Lowe, D.M., Thompson, R.C., 2008. Ingested microscopic 1125 

plastic translocates to the circulatory system of the mussel, Mytilus edulis (L.). Environmental science 1126 

& technology 42, 5026-5031. 1127 

Bu, F., Zagho, M.M., Ibrahim, Y., Ma, B., Elzatahry, A., Zhao, D., 2020. Porous MXenes: Synthesis, structures, 1128 

and applications. Nano Today 30, 100803. 1129 

Calderon, E.A., Hansen, P., Rodríguez, A., Blettler, M., Syberg, K., Khan, F.R., 2019. Microplastics in the 1130 

digestive tracts of four fish species from the Ciénaga Grande de Santa Marta Estuary in Colombia. Water, 1131 

Air, & Soil Pollution 230, 1-9. 1132 

Cao, B., Wan, S., Wang, Y., Guo, H., Ou, M., Zhong, Q., 2022. Highly-efficient visible-light-driven photocatalytic 1133 

H2 evolution integrated with microplastic degradation over MXene/ZnxCd1-xS photocatalyst. Journal 1134 

of Colloid and Interface Science 605, 311-319. 1135 

Carr, S.A., Liu, J., Tesoro, A.G., 2016. Transport and fate of microplastic particles in wastewater treatment plants. 1136 

Water research 91, 174-182. 1137 

Cashman, M.A., Ho, K.T., Boving, T.B., Russo, S., Robinson, S., Burgess, R.M., 2020. Comparison of 1138 

microplastic isolation and extraction procedures from marine sediments. Marine pollution bulletin 159, 1139 

111507. 1140 

Cetinkaya, A.Y., Ozdemir, O.K., 2018. Phenol removal from synthetic solution using low pressure membranes 1141 

coated with graphene oxide and carbon. Chemical Papers 72, 327-335. 1142 

Chabbi, J., Aqil, A., Katir, N., Vertruyen, B., Jerôme, C., Lahcini, M., El Kadib, A., 2020. Aldehyde-conjugated 1143 

chitosan-graphene oxide glucodynamers: Ternary cooperative assembly and controlled chemical release. 1144 

Carbohydrate Polymers 230, 115634. 1145 

Chakrabarti, A., Lu, J., Skrabutenas, J.C., Xu, T., Xiao, Z., Maguire, J.A., Hosmane, N.S., 2011. Conversion of 1146 

carbon dioxide to few-layer graphene. Journal of Materials Chemistry 21, 9491-9493. 1147 

Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Jang, J.H., Abu-Omar, M., Scott, S.L., Suh, S., 2020. 1148 

Degradation rates of plastics in the environment. ACS Sustainable Chemistry & Engineering 8, 3494-1149 

3511. 1150 



53 
 

Chen, D., Li, L., Guo, L., 2011. An environment-friendly preparation of reduced graphene oxide nanosheets via 1151 

amino acid. Nanotechnology 22, 325601. 1152 

Chen, G., Feng, Q., Wang, J., 2020a. Mini-review of microplastics in the atmosphere and their risks to humans. 1153 

Science of the Total Environment 703, 135504. 1154 

Chen, X., Zhan, Y., Sun, A., Feng, Q., Yang, W., Dong, H., Chen, Y., Zhang, Y., 2022. Anchoring the TiO2@ 1155 

crumpled graphene oxide core–shell sphere onto electrospun polymer fibrous membrane for the fast 1156 

separation of multi-component pollutant-oil–water emulsion. Separation and Purification Technology 1157 

298, 121605. 1158 

Chen, Y.-J., Chen, Y., Miao, C., Wang, Y.-R., Gao, G.-K., Yang, R.-X., Zhu, H.-J., Wang, J.-H., Li, S.-L., Lan, 1159 

Y.-Q., 2020b. Metal–organic framework-based foams for efficient microplastics removal. Journal of 1160 

Materials Chemistry A 8, 14644-14652. 1161 

Cheraghi, S., Taher, M.A., Karimi-Maleh, H., Karimi, F., Shabani-Nooshabadi, M., Alizadeh, M., Al-Othman, 1162 

A., Erk, N., Raman, P.K.Y., Karaman, C., 2022. Novel enzymatic graphene oxide based biosensor for 1163 

the detection of glutathione in biological body fluids. Chemosphere 287, 132187. 1164 

Chiba, S., Saito, H., Fletcher, R., Yogi, T., Kayo, M., Miyagi, S., Ogido, M., Fujikura, K., 2018. Human footprint 1165 

in the abyss: 30 year records of deep-sea plastic debris. Marine Policy 96, 204-212. 1166 

Çolak, F., Atar, N., Olgun, A., 2009. Biosorption of acidic dyes from aqueous solution by Paenibacillus macerans: 1167 

Kinetic, thermodynamic and equilibrium studies. Chemical engineering journal 150, 122-130. 1168 

Coppock, R.L., Cole, M., Lindeque, P.K., Queirós, A.M., Galloway, T.S., 2017. A small-scale, portable method 1169 

for extracting microplastics from marine sediments. Environmental Pollution 230, 829-837. 1170 

Dave, H.K., Nath, K., 2016. Graphene oxide incorporated novel polyvinyl alcohol composite membrane for 1171 

pervaporative recovery of acetic acid from vinegar wastewater. Journal of Water Process Engineering 1172 

14, 124-134. 1173 

Dawson, A.L., Kawaguchi, S., King, C.K., Townsend, K.A., King, R., Huston, W.M., Bengtson Nash, S.M., 2018. 1174 

Turning microplastics into nanoplastics through digestive fragmentation by Antarctic krill. Nature 1175 

communications 9, 1-8. 1176 

de Haan, W.P., Sanchez-Vidal, A., Canals, M., Party, N.S.S., 2019. Floating microplastics and aggregate 1177 

formation in the Western Mediterranean Sea. Marine pollution bulletin 140, 523-535. 1178 



54 
 

Dey, S., Bano, F., Malik, A., 2019. Pharmaceuticals and personal care product (PPCP) contamination—a global 1179 

discharge inventory. Pharmaceuticals and personal care products: waste management and treatment 1180 

technology. Elsevier, pp. 1-26. 1181 

Dey, T.K., Jamal, M., Uddin, M.E., 2022. Fabrication and performance analysis of graphene oxide-based 1182 

composite membrane to separate microplastics from synthetic wastewater. 1183 

Di, M., Liu, X., Wang, W., Wang, J., 2019. Manuscript prepared for submission to environmental toxicology and 1184 

pharmacology pollution in drinking water source areas: microplastics in the Danjiangkou Reservoir, 1185 

China. Environmental Toxicology and Pharmacology 65, 82-89. 1186 

Dikareva, N., Simon, K.S., 2019. Microplastic pollution in streams spanning an urbanisation gradient. 1187 

Environmental Pollution 250, 292-299. 1188 

Ding, A., Ren, Z., Zhang, Y., Ma, J., Bai, L., Wang, B., Cheng, X., 2021. Evaluations of holey graphene oxide 1189 

modified ultrafiltration membrane and the performance for water purification. Chemosphere 285, 1190 

131459. 1191 

Ding, L., Wei, Y., Li, L., Zhang, T., Wang, H., Xue, J., Ding, L.-X., Wang, S., Caro, J., Gogotsi, Y., 2018. MXene 1192 

molecular sieving membranes for highly efficient gas separation. Nature communications 9, 1-7. 1193 

Dong, H., Hong, S., Zhang, P., Yu, S., Wang, Y., Yuan, S., Li, H., Sun, J., Chen, G., Li, C., 2020. Metal-free Z-1194 

scheme 2D/2D VdW heterojunction for high-efficiency and durable photocatalytic H2 production. 1195 

Chemical Engineering Journal 395, 125150. 1196 

Dong, S., Cai, W., Xia, J., Sheng, L., Wang, W., Liu, H., 2021a. Aggregation kinetics of fragmental PET 1197 

nanoplastics in aqueous environment: Complex roles of electrolytes, pH and humic acid. Environmental 1198 

Pollution 268, 115828. 1199 

Dong, S., Sun, Y., Gao, B., Shi, X., Xu, H., Wu, J., Wu, J., 2017. Retention and transport of graphene oxide in 1200 

water-saturated limestone media. Chemosphere 180, 506-512. 1201 

Dong, S., Xia, J., Sheng, L., Wang, W., Liu, H., Gao, B., 2021b. Transport characteristics of fragmental 1202 

polyethylene glycol terephthalate (PET) microplastics in porous media under various chemical 1203 

conditions. Chemosphere 276, 130214. 1204 

Dris, R., Gasperi, J., Rocher, V., Saad, M., Renault, N., Tassin, B., 2015. Microplastic contamination in an urban 1205 

area: a case study in Greater Paris. Environmental Chemistry 12, 592-599. 1206 

Duran, I., Beiras, R., 2017. Acute water quality criteria for polycyclic aromatic hydrocarbons, pesticides, plastic 1207 

additives, and 4-Nonylphenol in seawater. Environ Pollut 224, 384-391. 1208 



55 
 

Editorial, 2021. Chemistry Can Help Make Plastics Sustainable─ but It Isn’t the Whole Solution. Nature 590, 1209 

363-364. 1210 

Egger, M., Nijhof, R., Quiros, L., Leone, G., Royer, S.-J., McWhirter, A.C., Kantakov, G.A., Radchenko, V.I., 1211 

Pakhomov, E.A., Hunt, B.P.V., Lebreton, L., 2020. A spatially variable scarcity of floating microplastics 1212 

in the eastern North Pacific Ocean. Environmental Research Letters 15, 114056. 1213 

Enfrin, M., Dumée, L.F., Lee, J., 2019. Nano/microplastics in water and wastewater treatment processes–origin, 1214 

impact and potential solutions. Water Research 161, 621-638. 1215 

Enfrin, M., Lee, J., Le-Clech, P., Dumée, L.F., 2020. Kinetic and mechanistic aspects of ultrafiltration membrane 1216 

fouling by nano-and microplastics. Journal of Membrane Science 601, 117890. 1217 

Eriksen, M., Lebreton, L.C., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F., Ryan, P.G., Reisser, 1218 

J., 2014. Plastic pollution in the world's oceans: more than 5 trillion plastic pieces weighing over 250,000 1219 

tons afloat at sea. PLoS One 9, e111913. 1220 

Fadli, M.H., Ibadurrohman, M., Slamet, S., 2021. Microplastic pollutant degradation in water using modified 1221 

TiO2 photocatalyst under UV-irradiation. IOP Conference Series: Materials Science and Engineering. 1222 

IOP Publishing, p. 012055. 1223 

Fan, X., Gan, R., Liu, J., Xie, Y., Xu, D., Xiang, Y., Su, J., Teng, Z., Hou, J., 2021. Adsorption and desorption 1224 

behaviors of antibiotics by tire wear particles and polyethylene microplastics with or without aging 1225 

processes. Science of The Total Environment 771, 145451. 1226 

Fattahi, M., Kazemeini, M., Khorasheh, F., Rashidi, A., 2014. Kinetic modeling of oxidative dehydrogenation of 1227 

propane (ODHP) over a vanadium–graphene catalyst: Application of the DOE and ANN methodologies. 1228 

Journal of Industrial and Engineering Chemistry 20, 2236-2247. 1229 

Ferrari, A.C., Bonaccorso, F., Fal'Ko, V., Novoselov, K.S., Roche, S., Bøggild, P., Borini, S., Koppens, F.H., 1230 

Palermo, V., Pugno, N., 2015. Science and technology roadmap for graphene, related two-dimensional 1231 

crystals, and hybrid systems. Nanoscale 7, 4598-4810. 1232 

Fischer, E.K., Paglialonga, L., Czech, E., Tamminga, M., 2016. Microplastic pollution in lakes and lake shoreline 1233 

sediments–a case study on Lake Bolsena and Lake Chiusi (central Italy). Environmental pollution 213, 1234 

648-657. 1235 

Free, C.M., Jensen, O.P., Mason, S.A., Eriksen, M., Williamson, N.J., Boldgiv, B., 2014. High-levels of 1236 

microplastic pollution in a large, remote, mountain lake. Marine pollution bulletin 85, 156-163. 1237 



56 
 

Fryczkowska, B., Przywara, L., 2021. Removal of microplastics from industrial wastewater utilizing an 1238 

ultrafiltration composite membrane rGO/PAN application. DESALINATION AND WATER 1239 

TREATMENT 214, 252-262. 1240 

Fu, D., Chen, C.M., Qi, H., Fan, Z., Wang, Z., Peng, L., Li, B., 2020. Occurrences and distribution of microplastic 1241 

pollution and the control measures in China. Mar Pollut Bull 153, 110963. 1242 

Galloway, T., Haward, M., Mason, S.A., Babayemi, J.O., Hardesty, B.D., Krause, S., Lamb, J., Hinojosa, I.A., 1243 

Horton, A., 2020. Science-based solutions to plastic pollution. One Earth 2, 5-7. 1244 

Gao, S., Zhang, G., Wang, Y., Han, X., Huang, Y., Liu, P., 2021. MOFs derived magnetic porous carbon 1245 

microspheres constructed by core-shell Ni@ C with high-performance microwave absorption. Journal of 1246 

Materials Science & Technology 88, 56-65. 1247 

Garcés-Ordóñez, O., Saldarriaga-Vélez, J.F., Espinosa-Díaz, L.F., Patiño, A.D., Cusba, J., Canals, M., Mejía-1248 

Esquivia, K., Fragozo-Velásquez, L., Sáenz-Arias, S., Córdoba-Meza, T., Thiel, M., 2022. Microplastic 1249 

pollution in water, sediments and commercial fish species from Ciénaga Grande de Santa Marta lagoon 1250 

complex, Colombian Caribbean. Science of The Total Environment 829, 154643. 1251 

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever made. Science advances 1252 

3, e1700782. 1253 

Ghanbari, F., Moradi, M., 2017. Application of peroxymonosulfate and its activation methods for degradation of 1254 

environmental organic pollutants. Chemical Engineering Journal 310, 41-62. 1255 

Ghidiu, M., Lukatskaya, M.R., Zhao, M.-Q., Gogotsi, Y., Barsoum, M.W., 2014. Conductive two-dimensional 1256 

titanium carbide ‘clay’with high volumetric capacitance. Nature 516, 78-81. 1257 

Goh, P., Lau, W., Othman, M., Ismail, A., 2018. Membrane fouling in desalination and its mitigation strategies. 1258 

Desalination 425, 130-155. 1259 

Graham, E.R., Thompson, J.T., 2009. Deposit- and suspension-feeding sea cucumbers (Echinodermata) ingest 1260 

plastic fragments. Journal of Experimental Marine Biology and Ecology 368, 22-29. 1261 

Grigoriev, S.A., Fateev, V.N., Pushkarev, A.S., Pushkareva, I.V., Ivanova, N.A., Kalinichenko, V.N., Yu. 1262 

Presnyakov, M., Wei, X., 2018. Reduced graphene oxide and its modifications as catalyst supports and 1263 

catalyst layer modifiers for PEMFC. Materials 11, 1405. 1264 

Guha, R., Xiong, B., Geitner, M., Moore, T., Wood, T.K., Velegol, D., Kumar, M., 2017. Reactive micromixing 1265 

eliminates fouling and concentration polarization in reverse osmosis membranes. Journal of Membrane 1266 

Science 542, 8-17. 1267 



57 
 

Gundogdu, S., Cevik, C., Guzel, E., Kilercioglu, S., 2018. Microplastics in municipal wastewater treatment plants 1268 

in Turkey: a comparison of the influent and secondary effluent concentrations. Environmental 1269 

Monitoring and Assessment 190, 1-10. 1270 

Gündogdu, S., Rathod, N., Hassoun, A., Jamroz, E., Kulawik, P., Gokbulut, C., Aït-Kaddour, A., Özogul, F., 1271 

2022. The impact of nano/micro-plastics toxicity on seafood quality and human health: Facts and gaps. 1272 

Critical Reviews in Food Science and Nutrition, 1-19. 1273 

Guo, H., Peng, L.E., Yao, Z., Yang, Z., Ma, X., Tang, C.Y., 2019. Non-polyamide based nanofiltration membranes 1274 

using green metal–organic coordination complexes: implications for the removal of trace organic 1275 

contaminants. Environmental science & technology 53, 2688-2694. 1276 

Guo, J.J., Huang, X.P., Xiang, L., Wang, Y.Z., Li, Y.W., Li, H., Cai, Q.Y., Mo, C.H., Wong, M.H., 2020. Source, 1277 

migration and toxicology of microplastics in soil. Environ Int 137, 105263. 1278 

Güven, O., Gökdağ, K., Jovanović, B., Kıdeyş, A.E., 2017. Microplastic litter composition of the Turkish 1279 

territorial waters of the Mediterranean Sea, and its occurrence in the gastrointestinal tract of fish. 1280 

Environmental Pollution 223, 286-294. 1281 

Habib, R.Z., Thiemann, T., Al Kendi, R., 2020. Microplastics and wastewater treatment plants—a review. Journal 1282 

of Water Resource and Protection 12, 1. 1283 

Han, N., Zhao, Q., Ao, H., Hu, H., Wu, C., 2022. Horizontal transport of macro-and microplastics on soil surface 1284 

by rainfall induced surface runoff as affected by vegetations. Science of The Total Environment 831, 1285 

154989. 1286 

Han, R., Ma, X., Xie, Y., Teng, D., Zhang, S., 2017. Preparation of a new 2D MXene/PES composite membrane 1287 

with excellent hydrophilicity and high flux. Rsc Advances 7, 56204-56210. 1288 

Han, Y., Xu, Z., Gao, C., 2013. Ultrathin graphene nanofiltration membrane for water purification. Advanced 1289 

Functional Materials 23, 3693-3700. 1290 

Han, Y., Yang, K., Yang, T., Zhang, M., Li, L., 2019. Bioaerosols emission and exposure risk of a wastewater 1291 

treatment plant with A2O treatment process. Ecotoxicology and environmental safety 169, 161-168. 1292 

Harford, A.J., Hogan, A.C., Jones, D.R., van Dam, R.A., 2011. Ecotoxicological assessment of a polyelectrolyte 1293 

flocculant. Water Research 45, 6393-6402. 1294 

He, B., Wijesiri, B., Ayoko, G.A., Egodawatta, P., Rintoul, L., Goonetilleke, A., 2020. Influential factors on 1295 

microplastics occurrence in river sediments. Science of the Total Environment 738, 139901. 1296 



58 
 

He, L., Liu, F.-f., Zhao, M., Qi, Z., Sun, X., Afzal, M.Z., Sun, X., Li, Y., Hao, J., Wang, S., 2018. Electronic-1297 

property dependent interactions between tetracycline and graphene nanomaterials in aqueous solution. 1298 

Journal of Environmental Sciences 66, 286-294. 1299 

Heinrich, P., Hanslik, L., Kämmer, N., Braunbeck, T., 2020. The tox is in the detail: technical fundamentals for 1300 

designing, performing, and interpreting experiments on toxicity of microplastics and associated 1301 

substances. Environmental Science and Pollution Research 27, 22292-22318. 1302 

Hendrickson, E., Minor, E.C., Schreiner, K., 2018. Microplastic abundance and composition in western Lake 1303 

Superior as determined via microscopy, Pyr-GC/MS, and FTIR. Environmental science & technology 1304 

52, 1787-1796. 1305 

Heo, J., Flora, J.R.V., Her, N., Park, Y.-G., Cho, J., Son, A., Yoon, Y., 2012. Removal of bisphenol A and 17β-1306 

estradiol in single walled carbon nanotubes–ultrafiltration (SWNTs–UF) membrane systems. Separation 1307 

and Purification Technology 90, 39-52. 1308 

Heu, R., Ateia, M., Yoshimura, C., 2020. Photocatalytic Nanofiltration Membrane Using Zr-MOF/GO 1309 

Nanocomposite with High-Flux and Anti-Fouling Properties. Catalysts 10, 711. 1310 

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine environment: a review 1311 

of the methods used for identification and quantification. Environmental science & technology 46, 3060-1312 

3075. 1313 

Hidayaturrahman, H., Lee, T.-G., 2019. A study on characteristics of microplastic in wastewater of South Korea: 1314 

identification, quantification, and fate of microplastics during treatment process. Marine pollution 1315 

bulletin 146, 696-702. 1316 

Holmes, L.A., Turner, A., Thompson, R.C., 2012. Adsorption of trace metals to plastic resin pellets in the marine 1317 

environment. Environmental Pollution 160, 42-48. 1318 

Hu, M., Palić, D., 2020. Micro-and nano-plastics activation of oxidative and inflammatory adverse outcome 1319 

pathways. Redox Biology 37, 101620. 1320 

Huang, H., Song, Z., Wei, N., Shi, L., Mao, Y., Ying, Y., Sun, L., Xu, Z., Peng, X., 2013. Ultrafast viscous water 1321 

flow through nanostrand-channelled graphene oxide membranes. Nature communications 4, 1-9. 1322 

Huang, X., Wang, Y., Liu, J., Zheng, Z., Zhang, X., 2021. Thermoplastic polyurethane/graphene nanosheets 1323 

composites with reduced microplastics release and enhanced mechanical properties. Polymer 1324 

Composites 42, 652-660. 1325 



59 
 

Huang, X., Zemlyanov, D.Y., Diaz-Amaya, S., Salehi, M., Stanciu, L., Whelton, A.J., 2020. Competitive heavy 1326 

metal adsorption onto new and aged polyethylene under various drinking water conditions. Journal of 1327 

hazardous materials 385, 121585. 1328 

Ilager, D., Malode, S.J., Shetti, N.P., 2022. Development of 2D graphene oxide sheets-based voltammetric sensor 1329 

for electrochemical sensing of fungicide, carbendazim. Chemosphere, 134919. 1330 

Ivanković, K., Kern, M., Rožman, M., 2021. Modelling of the adsorption of pharmaceutically active compounds 1331 

on carbon-based nanomaterials. Journal of Hazardous Materials 414, 125554. 1332 

Jabeen, K., Li, B., Chen, Q., Su, L., Wu, C., Hollert, H., Shi, H., 2018. Effects of virgin microplastics on goldfish 1333 

(Carassius auratus). Chemosphere 213, 323-332. 1334 

Jeong, S.-Y., Sugita, N., Shin, B.-S., 2022. Fe3O4/Laser-Induced Graphene as an Adsorbent for Microplastics 1335 

Emitted from Household Wastewater. International Journal of Precision Engineering and Manufacturing-1336 

Green Technology, 1-12. 1337 

Jiang, M., Hu, L., Lu, A., Liang, G., Lin, Z., Zhang, T., Xu, L., Li, B., Gong, W., 2020. Strong sorption of two 1338 

fungicides onto biodegradable microplastics with emphasis on the negligible role of environmental 1339 

factors. Environmental Pollution 267, 115496. 1340 

Jiang, Y., Yang, F., Kazmi, S.S.U.H., Zhao, Y., Chen, M., Wang, J., 2022. A review of microplastic pollution in 1341 

seawater, sediments and organisms of the Chinese coastal and marginal seas. Chemosphere 286, 131677. 1342 

Joo, S.H., Liang, Y., Kim, M., Byun, J., Choi, H., 2021. Microplastics with adsorbed contaminants: Mechanisms 1343 

and Treatment. Environmental Challenges 3, 100042. 1344 

Kamran, U., Rhee, K.Y., Lee, S.-Y., Park, S.-J., 2022. Innovative progress in graphene derivative-based composite 1345 

hybrid membranes for the removal of contaminants in wastewater: A review. Chemosphere, 135590. 1346 

Kang, J., Zhou, L., Duan, X., Sun, H., Ao, Z., Wang, S., 2019. Degradation of cosmetic microplastics via 1347 

functionalized carbon nanosprings. Matter 1, 745-758. 1348 

Kang, K.M., Kim, D.W., Ren, C.E., Cho, K.M., Kim, S.J., Choi, J.H., Nam, Y.T., Gogotsi, Y., Jung, H.-T., 2017. 1349 

Selective molecular separation on Ti3C2T x–graphene oxide membranes during pressure-driven 1350 

Filtration: Comparison with graphene oxide and MXenes. ACS applied materials & interfaces 9, 44687-1351 

44694. 1352 

Kapp, K.J., Yeatman, E., 2018. Microplastic hotspots in the Snake and Lower Columbia rivers: A journey from 1353 

the Greater Yellowstone Ecosystem to the Pacific Ocean. Environmental Pollution 241, 1082-1090. 1354 



60 
 

Karthik, R., Robin, R., Purvaja, R., Ganguly, D., Anandavelu, I., Raghuraman, R., Hariharan, G., Ramakrishna, 1355 

A., Ramesh, R., 2018. Microplastics along the beaches of southeast coast of India. Science of the Total 1356 

Environment 645, 1388-1399. 1357 

Kazemeini, M., Nikkhah, M., Fattahi, M., Vafajoo, L., 2016. Physicochemical properties and catalytic 1358 

performances of nanostructured V2O5 over TiO2 and γ-Al2O3 for oxidative dehydrogenation of 1359 

propane. Chemical and Biochemical Engineering Quarterly 30, 9-18. 1360 

Kim, D., Chae, Y., An, Y.-J., 2017. Mixture toxicity of nickel and microplastics with different functional groups 1361 

on Daphnia magna. Environmental science & technology 51, 12852-12858. 1362 

Kim, J., Eum, J.-H., Kang, J., Kwon, O., Kim, H., Kim, D.W., 2021. Tuning the hierarchical pore structure of 1363 

graphene oxide through dual thermal activation for high-performance supercapacitor. Scientific Reports 1364 

11, 2063. 1365 

Klein, S., Worch, E., Knepper, T.P., 2015. Occurrence and spatial distribution of microplastics in river shore 1366 

sediments of the Rhine-Main area in Germany. Environmental science & technology 49, 6070-6076. 1367 

Koelmans, A.A., Mohamed Nor, N.H., Hermsen, E., Kooi, M., Mintenig, S.M., De France, J., 2019. Microplastics 1368 

in freshwaters and drinking water: Critical review and assessment of data quality. Water research 155, 1369 

410-422. 1370 

Kogel, T., Bjoroy, O., Toto, B., Bienfait, A.M., Sanden, M., 2020. Micro- and nanoplastic toxicity on aquatic life: 1371 

Determining factors. Sci Total Environ 709, 136050. 1372 

Kononov, A., Hishida, M., Suzuki, K., Harada, N., 2022. Microplastic Extraction from Agricultural Soils Using 1373 

Canola Oil and Unsaturated Sodium Chloride Solution and Evaluation by Incineration Method. Soil 1374 

Systems 6, 54. 1375 

Kosuth, M., Mason, S.A., Wattenberg, E.V., 2018. Anthropogenic contamination of tap water, beer, and sea salt. 1376 

PLoS One 13, e0194970. 1377 

Koutnik, V.S., 2022. Microplastic accumulation and transport in the subsurface under weathering cycles. UCLA. 1378 

Koutnik, V.S., Leonard, J., Glasman, J.B., Brar, J., Koydemir, H.C., Novoselov, A., Bertel, R., Tseng, D., Ozcan, 1379 

A., Ravi, S., 2022. Microplastics retained in stormwater control measures: Where do they come from 1380 

and where do they go? Water Research 210, 118008. 1381 

Lahens, L., Strady, E., Kieu-Le, T.-C., Dris, R., Boukerma, K., Rinnert, E., Gasperi, J., Tassin, B., 2018. 1382 

Macroplastic and microplastic contamination assessment of a tropical river (Saigon River, Vietnam) 1383 

transversed by a developing megacity. Environmental Pollution 236, 661-671. 1384 



61 
 

Lambert, S., Sinclair, C., Boxall, A., 2014. Occurrence, degradation, and effect of polymer-based materials in the 1385 

environment. in: Whitacre, D.M. (Ed.). Reviews of Environmental Contamination and Toxicology, 1386 

Volume 227. Springer International Publishing, Cham, pp. 1-53. 1387 

Lange, K., Magnusson, K., Viklander, M., Blecken, G.-T., 2021a. Removal of rubber, bitumen and other 1388 

microplastic particles from stormwater by a gross pollutant trap-bioretention treatment train. Water 1389 

research 202, 117457. 1390 

Lange, K., Magnusson, K., Viklander, M., Blecken, G.-T., 2021b. Removal of rubber, bitumen and other 1391 

microplastic particles from stormwater by a gross pollutant trap - bioretention treatment train. Water 1392 

Research 202, 117457. 1393 

Lapointe, M., Farner, J.M., Hernandez, L.M., Tufenkji, N., 2020. Understanding and Improving Microplastic 1394 

Removal during Water Treatment: Impact of Coagulation and Flocculation. Environmental Science & 1395 

Technology 54, 8719-8727. 1396 

Lares, M., Ncibi, M.C., Sillanpää, M., Sillanpää, M., 2018. Occurrence, identification and removal of microplastic 1397 

particles and fibers in conventional activated sludge process and advanced MBR technology. Water 1398 

research 133, 236-246. 1399 

Law, K.L., 2017. Plastics in the Marine Environment. Ann Rev Mar Sci 9, 205-229. 1400 

Lefebvre, C., Saraux, C., Heitz, O., Nowaczyk, A., Bonnet, D., 2019. Microplastics FTIR characterisation and 1401 

distribution in the water column and digestive tracts of small pelagic fish in the Gulf of Lions. Marine 1402 

pollution bulletin 142, 510-519. 1403 

Leiknes, T., 2009. The effect of coupling coagulation and flocculation with membrane filtration in water 1404 

treatment: A review. Journal of Environmental Sciences 21, 8-12. 1405 

Lejarazu-Larrañaga, A., Molina, S., Ortiz, J.M., Navarro, R., García-Calvo, E., 2020. Circular economy in 1406 

membrane technology: Using end-of-life reverse osmosis modules for preparation of recycled anion 1407 

exchange membranes and validation in electrodialysis. Journal of Membrane Science 593, 117423. 1408 

Leslie, H., Brandsma, S., Van Velzen, M., Vethaak, A., 2017a. Microplastics en route: Field measurements in the 1409 

Dutch river delta and Amsterdam canals, wastewater treatment plants, North Sea sediments and biota. 1410 

Environment international 101, 133-142. 1411 

Leslie, H.A., Van Velzen, M.J., Brandsma, S.H., Vethaak, A.D., Garcia-Vallejo, J.J., Lamoree, M.H., 2022. 1412 

Discovery and quantification of plastic particle pollution in human blood. Environment international 163, 1413 

107199. 1414 



62 
 

Leslie, T.E., Carson, M., Coeverden, E.v., De Klein, K., Braks, M., Krumeich, A., 2017b. An analysis of 1415 

community perceptions of mosquito-borne disease control and prevention in Sint Eustatius, Caribbean 1416 

Netherlands. Global health action 10, 1350394. 1417 

Li, L., Guo, C., Shen, J., Ning, J., Zhong, Y., Hu, Y., 2020a. Construction of sugar-gourd-shaped CdS/Co1-xS 1418 

hollow hetero-nanostructure as an efficient Z-scheme photocatalyst for hydrogen generation. Chemical 1419 

Engineering Journal 400, 125925. 1420 

Li, L., Liu, D., Song, K., Zhou, Y., 2020b. Performance evaluation of MBR in treating microplastics 1421 

polyvinylchloride contaminated polluted surface water. Marine pollution bulletin 150, 110724. 1422 

Li, L., Xu, G., Yu, H., Xing, J., 2018. Dynamic membrane for micro-particle removal in wastewater treatment: 1423 

performance and influencing factors. Science of the Total Environment 627, 332-340. 1424 

Li, P., Li, Q., Hao, Z., Yu, S., Liu, J., 2020c. Analytical methods and environmental processes of nanoplastics. J. 1425 

Environ. Sci. (China) 94, 88-99. 1426 

Li, Y., Li, N., Xia, Y., Yuan, S., Zhang, X., 2022. Tailoring the physicochemical and geometric properties of two-1427 

dimensional graphene membranes for aqueous separation. Desalination 530, 115621. 1428 

Lin, L., Zuo, L.-Z., Peng, J.-P., Cai, L.-Q., Fok, L., Yan, Y., Li, H.-X., Xu, X.-R., 2018. Occurrence and 1429 

distribution of microplastics in an urban river: A case study in the Pearl River along Guangzhou City, 1430 

China. Science of The Total Environment 644, 375-381. 1431 

Liu, C., Liu, H., Tang, K., Zhang, K., Zou, Z., Gao, X., 2020a. High-strength chitin based hydrogels reinforced 1432 

by tannic acid functionalized graphene for congo red adsorption. Journal of Polymers and the 1433 

Environment 28, 984-994. 1434 

Liu, F.-f., Zhao, J., Wang, S., Du, P., Xing, B., 2014. Effects of solution chemistry on adsorption of selected 1435 

pharmaceuticals and personal care products (PPCPs) by graphenes and carbon nanotubes. Environmental 1436 

science & technology 48, 13197-13206. 1437 

Liu, F.-F., Zhao, J., Wang, S., Xing, B., 2016a. Adsorption of sulfonamides on reduced graphene oxides as 1438 

affected by pH and dissolved organic matter. Environmental pollution 210, 85-93. 1439 

Liu, F., Olesen, K.B., Borregaard, A.R., Vollertsen, J., 2019a. Microplastics in urban and highway stormwater 1440 

retention ponds. Science of The Total Environment 671, 992-1000. 1441 

Liu, F., Vianello, A., Vollertsen, J., 2019b. Retention of microplastics in sediments of urban and highway 1442 

stormwater retention ponds. Environmental Pollution 255, 113335. 1443 



63 
 

Liu, H., Pan, B., Wang, Q., Niu, Y., Tai, Y., Du, X., Zhang, K., 2021. Crucial roles of graphene oxide in preparing 1444 

alginate/nanofibrillated cellulose double network composites hydrogels. Chemosphere 263, 128240. 1445 

Liu, L., Liu, A., Li, D., Zhang, L., Guan, Y., 2016b. Characterizing polycyclic aromatic hydrocarbon build-up 1446 

processes on urban road surfaces. Environmental pollution 214, 185-193. 1447 

Liu, N., Liu, Y., Tan, X., Li, M., Liu, S., Hu, X., Zhang, P., Dai, M., Xu, W., Wen, J., 2020b. Synthesis a graphene-1448 

like magnetic biochar by potassium ferrate for 17β-estradiol removal: effects of Al2O3 nanoparticles and 1449 

microplastics. Science of the Total Environment 715, 136723. 1450 

Liu, N., Yu, F., Wang, Y., Ma, J., 2022. Effects of environmental aging on the adsorption behavior of antibiotics 1451 

from aqueous solutions in microplastic-graphene coexisting systems. Science of The Total Environment 1452 

806, 150956. 1453 

Liu, S., Jian, M., Zhou, L., Li, W., 2019c. Distribution and characteristics of microplastics in the sediments of 1454 

Poyang Lake, China. Water Science and Technology 79, 1868-1877. 1455 

Liu, T., Liu, X., Graham, N., Yu, W., Sun, K., 2020c. Two-dimensional MXene incorporated graphene oxide 1456 

composite membrane with enhanced water purification performance. Journal of Membrane Science 593, 1457 

117431. 1458 

Liu, X., Yuan, W., Di, M., Li, Z., Wang, J., 2019d. Transfer and fate of microplastics during the conventional 1459 

activated sludge process in one wastewater treatment plant of China. Chemical Engineering Journal 362, 1460 

176-182. 1461 

Llorca, M., Schirinzi, G., Martínez, M., Barceló, D., Farré, M., 2018. Adsorption of perfluoroalkyl substances on 1462 

microplastics under environmental conditions. Environmental pollution 235, 680-691. 1463 

Lou, Y., Tan, F.J., Zeng, R., Wang, M., Li, P., Xia, S., 2020. Preparation of cross-linked graphene oxide on 1464 

polyethersulfone membrane for pharmaceuticals and personal care products removal. Polymers 12, 1921. 1465 

Lu, S., Zhang, X., Wang, J., Pei, L., 2016a. Impacts of different media on constructed wetlands for rural household 1466 

sewage treatment. Journal of Cleaner Production 127, 325-330. 1467 

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., Ding, L., Ren, H., 2016b. Uptake and accumulation 1468 

of polystyrene microplastics in zebrafish (Danio rerio) and toxic effects in liver. Environmental science 1469 

& technology 50, 4054-4060. 1470 

Luogo, B.D.P., Salim, T., Zhang, W., Hartmann, N.B., Malpei, F., Candelario, V.M., 2022. Reuse of Water in 1471 

Laundry Applications with Micro-and Ultrafiltration Ceramic Membrane. Membranes 12, 223. 1472 



64 
 

Lusher, A.L., McHugh, M., Thompson, R.C., 2013. Occurrence of microplastics in the gastrointestinal tract of 1473 

pelagic and demersal fish from the English Channel. Mar Pollut Bull 67, 94-99. 1474 

Lutz, N., Fogarty, J., Rate, A., 2021. Accumulation and potential for transport of microplastics in stormwater 1475 

drains into marine environments, Perth region, Western Australia. Marine Pollution Bulletin 168, 1476 

112362. 1477 

Lv, X., Dong, Q., Zuo, Z., Liu, Y., Huang, X., Wu, W.-M., 2019. Microplastics in a municipal wastewater 1478 

treatment plant: Fate, dynamic distribution, removal efficiencies, and control strategies. Journal of 1479 

Cleaner Production 225, 579-586. 1480 

Ma, B., Xue, W., Ding, Y., Hu, C., Liu, H., Qu, J., 2019a. Removal characteristics of microplastics by Fe-based 1481 

coagulants during drinking water treatment. Journal of Environmental Sciences 78, 267-275. 1482 

Ma, B., Xue, W., Hu, C., Liu, H., Qu, J., Li, L., 2019b. Characteristics of microplastic removal via coagulation 1483 

and ultrafiltration during drinking water treatment. Chemical Engineering Journal 359, 159-167. 1484 

Ma, C., Hu, J., Sun, W., Ma, Z., Yang, W., Wang, L., Ran, Z., Zhao, B., Zhang, Z., Zhang, H., 2020a. Graphene 1485 

oxide-polyethylene glycol incorporated PVDF nanocomposite ultrafiltration membrane with enhanced 1486 

hydrophilicity, permeability, and antifouling performance. Chemosphere 253, 126649. 1487 

Ma, H., Pu, S., Liu, S., Bai, Y., Mandal, S., Xing, B., 2020b. Microplastics in aquatic environments: Toxicity to 1488 

trigger ecological consequences. Environ Pollut 261, 114089. 1489 

Ma, Q., Ming, J., Sun, X., Liu, N., Chen, G., Yang, Y., 2022. Visible light active graphene oxide modified 1490 

Ag/Ag2O/BiPO4/Bi2WO6 for photocatalytic removal of organic pollutants and bacteria in wastewater. 1491 

Chemosphere 306, 135512. 1492 

MacArthur, E., 2017. Beyond plastic waste. American Association for the Advancement of Science, pp. 843-843. 1493 

Magni, S., Binelli, A., Pittura, L., Avio, C.G., Della Torre, C., Parenti, C.C., Gorbi, S., Regoli, F., 2019. The fate 1494 

of microplastics in an Italian Wastewater Treatment Plant. Science of the total environment 652, 602-1495 

610. 1496 

Mai, L., Bao, L.-J., Shi, L., Liu, L.-Y., Zeng, E.Y., 2018. Polycyclic aromatic hydrocarbons affiliated with 1497 

microplastics in surface waters of Bohai and Huanghai Seas, China. Environmental Pollution 241, 834-1498 

840. 1499 

Mak, C.W., Ching-Fong Yeung, K., Chan, K.M., 2019. Acute toxic effects of polyethylene microplastic on adult 1500 

zebrafish. Ecotoxicology and Environmental Safety 182, 109442. 1501 



65 
 

Malankowska, M., Echaide-Gorriz, C., Coronas, J., 2021. Microplastics in marine environment: a review on 1502 

sources, classification, and potential remediation by membrane technology. Environmental Science: 1503 

Water Research & Technology 7, 243-258. 1504 

Maliwan, T., Pungrasmi, W., Lohwacharin, J., 2021. Effects of microplastic accumulation on floc characteristics 1505 

and fouling behavior in a membrane bioreactor. Journal of Hazardous Materials 411, 124991. 1506 

Market, G.M.F., 2020. By Manufacturers, Regions, Type And Application, Forecast to 2024. GlobalInfoResearch. 1507 

Available online: https://www. globalinforesearch. com/reports/525193/fulvic-acid (accessed on 25 1508 

September 2020). 1509 

Matsumoto, Y., Koinuma, M., Ida, S., Hayami, S., Taniguchi, T., Hatakeyama, K., Tateishi, H., Watanabe, Y., 1510 

Amano, S., 2011. Photoreaction of graphene oxide nanosheets in water. The Journal of Physical 1511 

Chemistry C 115, 19280-19286. 1512 

McCormick, A., Hoellein, T.J., Mason, S.A., Schluep, J., Kelly, J.J., 2014. Microplastic is an abundant and distinct 1513 

microbial habitat in an urban river. Environmental science & technology 48, 11863-11871. 1514 

McDougall, L., Thomson, L., Brand, S., Wagstaff, A., Lawton, L.A., Petrie, B., 2022. Adsorption of a diverse 1515 

range of pharmaceuticals to polyethylene microplastics in wastewater and their desorption in 1516 

environmental matrices. Science of The Total Environment 808, 152071. 1517 

Mehmood, T., Gaurav, G.K., Cheng, L., Klemeš, J.J., Usman, M., Bokhari, A., Lu, J., 2021. A review on plant-1518 

microbial interactions, functions, mechanisms and emerging trends in bioretention system to improve 1519 

multi-contaminated stormwater treatment. Journal of Environmental Management 294, 113108. 1520 

Mehmood, T., Hassan, M.A., Faheem, M., Shakoor, A., 2022. Why is inhalation the most discriminative route of 1521 

microplastics exposure? Environmental Science and Pollution Research, 1-4. 1522 

Mehmood, T., Peng, L., 2022. Polyethylene scaffold net and synthetic grass fragmentation: a source of 1523 

microplastics in the atmosphere? Journal of Hazardous Materials 429, 128391. 1524 

Mehmood, T., Peng, L., Salam, A., Prakash, J., Haider, M., 2023. Neglected atmospheric microplastic pollution 1525 

in South Asia reflects a wider failure. Ecological Informatics 73, 101949. 1526 

Meng, F., Zhang, S., Oh, Y., Zhou, Z., Shin, H.-S., Chae, S.-R., 2017. Fouling in membrane bioreactors: An 1527 

updated review. Water research 114, 151-180. 1528 

Meng, X., Peng, X., Wei, Y., Ramakrishna, S., Sun, Y., Dai, Y., 2022. Smart-simulation derived elastic 3D fibrous 1529 

aerogels with rigid oxide elements and all-in-one multifunctions. Chemical Engineering Journal 437, 1530 

135444. 1531 

https://www/


66 
 

Meng, X., Peng, X., Xue, J., Wei, Y., Sun, Y., Dai, Y., 2021. A biomass-derived, all-day-round solar evaporation 1532 

platform for harvesting clean water from microplastic pollution. Journal of Materials Chemistry A 9, 1533 

11013-11024. 1534 

Miao, F., Liu, Y., Gao, M., Yu, X., Xiao, P., Wang, M., Wang, S., Wang, X., 2020. Degradation of polyvinyl 1535 

chloride microplastics via an electro-Fenton-like system with a TiO2/graphite cathode. Journal of 1536 

Hazardous Materials 399, 123023. 1537 

Michielssen, M.R., Michielssen, E.R., Ni, J., Duhaime, M.B., 2016. Fate of microplastics and other small 1538 

anthropogenic litter (SAL) in wastewater treatment plants depends on unit processes employed. 1539 

Environmental Science: Water Research & Technology 2, 1064-1073. 1540 

Miller, R.Z., Watts, A.J., Winslow, B.O., Galloway, T.S., Barrows, A.P., 2017. Mountains to the sea: river study 1541 

of plastic and non-plastic microfiber pollution in the northeast USA. Marine pollution bulletin 124, 245-1542 

251. 1543 

Mintenig, S., Löder, M., Primpke, S., Gerdts, G., 2019. Low numbers of microplastics detected in drinking water 1544 

from ground water sources. Science of the total environment 648, 631-635. 1545 

Mirzaei, M., Mohammadi, T., Kasiri, N., Tofighy, M.A., 2021. Fabrication of magnetic field induced mixed 1546 

matrix membranes containing GO/Fe3O4 nanohybrids with enhanced antifouling properties for 1547 

wastewater treatment applications. Journal of Environmental Chemical Engineering 9, 105675. 1548 

Misra, A., Zambrzycki, C., Kloker, G., Kotyrba, A., Anjass, M.H., Franco Castillo, I., Mitchell, S.G., Güttel, R., 1549 

Streb, C., 2020. Water purification and microplastics removal using magnetic polyoxometalate‐1550 

supported ionic liquid phases (magPOM‐SILPs). Angewandte Chemie International Edition 59, 1601-1551 

1605. 1552 

Monira, S., Bhuiyan, M.A., Haque, N., Pramanik, B.K., 2021. Assess the performance of chemical coagulation 1553 

process for microplastics removal from stormwater. Process Safety and Environmental Protection 155, 1554 

11-16. 1555 

Murphy, F., Ewins, C., Carbonnier, F., Quinn, B., 2016. Wastewater treatment works (WwTW) as a source of 1556 

microplastics in the aquatic environment. Environmental science & technology 50, 5800-5808. 1557 

Murray, F., Cowie, P.R., 2011. Plastic contamination in the decapod crustacean Nephrops norvegicus (Linnaeus, 1558 

1758). Mar Pollut Bull 62, 1207-1217. 1559 



67 
 

Mustafa, B., Mehmood, T., Wang, Z., Chofreh, A.G., Shen, A., Yang, B., Yuan, J., Wu, C., Liu, Y., Lu, W., 1560 

2022a. Next-generation graphene oxide additives composite membranes for emerging organic 1561 

micropollutants removal: Separation, adsorption and degradation. Chemosphere, 136333. 1562 

Mustafa, B., Mehmood, T., Wang, Z., Chofreh, A.G., Shen, A., Yang, B., Yuan, J., Wu, C., Liu, Y., Lu, W., Hu, 1563 

W., Wang, L., Yu, G., 2022b. Next-generation graphene oxide additives composite membranes for 1564 

emerging organic micropollutants removal: Separation, adsorption and degradation. Chemosphere 308, 1565 

136333. 1566 

Nam, Y.T., Choi, J., Kang, K.M., Kim, D.W., Jung, H.-T., 2016. Enhanced stability of laminated graphene oxide 1567 

membranes for nanofiltration via interstitial amide bonding. ACS Applied Materials & Interfaces 8, 1568 

27376-27382. 1569 

Napper, I.E., Thompson, R.C., 2016. Release of synthetic microplastic plastic fibres from domestic washing 1570 

machines: Effects of fabric type and washing conditions. Marine Pollution Bulletin 112, 39-45. 1571 

Ngo, P.L., Pramanik, B.K., Shah, K., Roychand, R., 2019. Pathway, classification and removal efficiency of 1572 

microplastics in wastewater treatment plants. Environmental Pollution 255, 113326. 1573 

Nguyen, M.N., Weidler, P.G., Schwaiger, R., Schäfer, A.I., 2021. Interactions between carbon-based 1574 

nanoparticles and steroid hormone micropollutants in water. Journal of Hazardous Materials 402, 1575 

122929. 1576 

O'Connor, D., Pan, S., Shen, Z., Song, Y., Jin, Y., Wu, W.-M., Hou, D., 2019. Microplastics undergo accelerated 1577 

vertical migration in sand soil due to small size and wet-dry cycles. Environmental Pollution 249, 527-1578 

534. 1579 

OECD, 2021. Microbeads in Cosmetics. 1580 

Olatunde, O.C., Onwudiwe, D.C., 2021. Graphene-Based Composites as Catalysts for the Degradation of 1581 

Pharmaceuticals. Int J Environ Res Public Health 18. 1582 

Oßmann, B.E., Sarau, G., Holtmannspötter, H., Pischetsrieder, M., Christiansen, S.H., Dicke, W., 2018. Small-1583 

sized microplastics and pigmented particles in bottled mineral water. Water research 141, 307-316. 1584 

Österlund, H., Blecken, G., Lange, K., Marsalek, J., Gopinath, K., Viklander, M., 2022. Microplastics in urban 1585 

catchments: Review of sources, pathways, and entry into stormwater. Science of the Total Environment, 1586 

159781. 1587 



68 
 

Paço, A., Duarte, K., da Costa, J.P., Santos, P.S., Pereira, R., Pereira, M., Freitas, A.C., Duarte, A.C., Rocha-1588 

Santos, T.A., 2017. Biodegradation of polyethylene microplastics by the marine fungus Zalerion 1589 

maritimum. Science of the Total Environment 586, 10-15. 1590 

Paluselli, A., Fauvelle, V., Galgani, F., Sempéré, R., 2018. Phthalate Release from Plastic Fragments and 1591 

Degradation in Seawater. Environmental Science &amp; Technology 53, 166-175. 1592 

Pandey, R.P., Rasheed, P.A., Gomez, T., Azam, R.S., Mahmoud, K.A., 2020. A fouling-resistant mixed-matrix 1593 

nanofiltration membrane based on covalently cross-linked Ti3C2TX (MXene)/cellulose acetate. Journal 1594 

of Membrane Science 607, 118139. 1595 

Pannetier, P., Cachot, J., Clérandeau, C., Faure, F., Van Arkel, K., de Alencastro, L.F., Levasseur, C., Sciacca, F., 1596 

Bourgeois, J.-P., Morin, B., 2019. Toxicity assessment of pollutants sorbed on environmental sample 1597 

microplastics collected on beaches: Part I-adverse effects on fish cell line. Environmental Pollution 248, 1598 

1088-1097. 1599 

Panno, S.V., Kelly, W.R., Scott, J., Zheng, W., McNeish, R.E., Holm, N., Hoellein, T.J., Baranski, E.L., 2019. 1600 

Microplastic contamination in karst groundwater systems. Groundwater 57, 189-196. 1601 

Park, M.J., Nisola, G.M., Seo, D.H., Wang, C., Phuntsho, S., Choo, Y., Chung, W.-J., Shon, H.K., 2021. 1602 

Chemically Cross-Linked Graphene Oxide as a Selective Layer on Electrospun Polyvinyl Alcohol 1603 

Nanofiber Membrane for Nanofiltration Application. Nanomaterials 11, 2867. 1604 

Pauzan, M.A.B., Ismail, N.J., Raji, Y.O., Hubadillah, S.K., Othman, M.H.D., 2022. Development of Ceramic 1605 

(Inorganic) Membranes for Oil/Water Separation. Oil− Water Mixtures and Emulsions, Volume 1: 1606 

Membrane Materials for Separation and Treatment. ACS Publications, pp. 185-216. 1607 

Payan, A., Fattahi, M., Roozbehani, B., 2018. Synthesis, characterization and evaluations of TiO2 nanostructures 1608 

prepared from different titania precursors for photocatalytic degradation of 4-chlorophenol in aqueous 1609 

solution. Journal of Environmental Health Science and Engineering 16, 41-54. 1610 

Peeken, I., Primpke, S., Beyer, B., Gütermann, J., Katlein, C., Krumpen, T., Bergmann, M., Hehemann, L., Gerdts, 1611 

G., 2018. Arctic sea ice is an important temporal sink and means of transport for microplastic. Nature 1612 

communications 9, 1-12. 1613 

Pei, Z., Li, L., Sun, L., Zhang, S., Shan, X.-q., Yang, S., Wen, B., 2013. Adsorption characteristics of 1, 2, 4-1614 

trichlorobenzene, 2, 4, 6-trichlorophenol, 2-naphthol and naphthalene on graphene and graphene oxide. 1615 

Carbon 51, 156-163. 1616 



69 
 

Peng, G., Xiang, M., Wang, W., Su, Z., Liu, H., Mao, Y., Chen, Y., Zhang, P., 2022a. Engineering 3D graphene-1617 

like carbon-assembled layered double oxide for efficient microplastic removal in a wide pH range. 1618 

Journal of Hazardous Materials 433, 128672. 1619 

Peng, G., Xu, P., Zhu, B., Bai, M., Li, D., 2018. Microplastics in freshwater river sediments in Shanghai, China: 1620 

a case study of risk assessment in mega-cities. Environmental Pollution 234, 448-456. 1621 

Peng, L., Mehmood, T., Bao, R., Wang, Z., Fu, D., 2022b. An Overview of Micro (Nano) Plastics in the 1622 

Environment: Sampling, Identification, Risk Assessment and Control. Sustainability 14, 14338. 1623 

Pereira, J.L., Vidal, T., Gonçalves, F.J., Gabriel, R.G., Costa, R., Rasteiro, M.G., 2018. Is the aquatic toxicity of 1624 

cationic polyelectrolytes predictable from selected physical properties? Chemosphere 202, 145-153. 1625 

Perren, W., Wojtasik, A., Cai, Q., 2018. Removal of microbeads from wastewater using electrocoagulation. ACS 1626 

omega 3, 3357-3364. 1627 

Poerio, T., Piacentini, E., Mazzei, R., 2019. Membrane processes for microplastic removal. Molecules 24, 4148. 1628 

Polanco, H., Hayes, S., Roble, C., Krupitsky, M., Branco, B., 2020. The presence and significance of microplastics 1629 

in surface water in the Lower Hudson River Estuary 2016–2019: A research note. Marine Pollution 1630 

Bulletin 161, 111702. 1631 

Pramanik, B.K., Pramanik, S.K., Suja, F., 2016. Removal of arsenic and iron removal from drinking water using 1632 

coagulation and biological treatment. Journal of water and health 14, 90-96. 1633 

Prata, J.C., 2018. Microplastics in wastewater: State of the knowledge on sources, fate and solutions. Marine 1634 

Pollution Bulletin 129, 262-265. 1635 

Puckowski, A., Cwięk, W., Mioduszewska, K., Stepnowski, P., Białk-Bielińska, A., 2021. Sorption of 1636 

pharmaceuticals on the surface of microplastics. Chemosphere 263, 127976. 1637 

Qi, Y., Chen, W., Liu, F., Liu, J., Zhang, T., Chen, W., 2019. Aggregation morphology is a key factor determining 1638 

protein adsorption on graphene oxide and reduced graphene oxide nanomaterials. Environmental 1639 

Science: Nano 6, 1303-1309. 1640 

Ragusa, A., Svelato, A., Santacroce, C., Catalano, P., Notarstefano, V., Carnevali, O., Papa, F., Rongioletti, 1641 

M.C.A., Baiocco, F., Draghi, S., D'Amore, E., Rinaldo, D., Matta, M., Giorgini, E., 2021. Plasticenta: 1642 

First evidence of microplastics in human placenta. Environment International 146, 106274. 1643 

Rajala, K., Grönfors, O., Hesampour, M., Mikola, A., 2020. Removal of microplastics from secondary wastewater 1644 

treatment plant effluent by coagulation/flocculation with iron, aluminum and polyamine-based 1645 

chemicals. Water Research 183, 116045. 1646 



70 
 

Revel, M., Châtel, A., Mouneyrac, C., 2018. Micro (nano) plastics: A threat to human health? Current Opinion in 1647 

Environmental Science & Health 1, 17-23. 1648 

Rhein, F., Scholl, F., Nirschl, H., 2019. Magnetic seeded filtration for the separation of fine polymer particles 1649 

from dilute suspensions: Microplastics. Chemical Engineering Science 207, 1278-1287. 1650 

Rius-Ayra, O., Biserova-Tahchieva, A., Llorca-Isern, N., 2021. Surface-functionalised materials for microplastic 1651 

removal. Marine Pollution Bulletin 167, 112335. 1652 

Robin, R., Karthik, R., Purvaja, R., Ganguly, D., Anandavelu, I., Mugilarasan, M., Ramesh, R., 2020. Holistic 1653 

assessment of microplastics in various coastal environmental matrices, southwest coast of India. Science 1654 

of the Total Environment 703, 134947. 1655 

Rocha-Santos, T., Costa, M., Mouneyrac, C., 2020. Handbook of Microplastics in the Environment. Springer. 1656 

Rodrigues, M., Abrantes, N., Gonçalves, F., Nogueira, H., Marques, J., Gonçalves, A., 2018. Spatial and temporal 1657 

distribution of microplastics in water and sediments of a freshwater system (Antuã River, Portugal). 1658 

Science of the total environment 633, 1549-1559. 1659 

Rodríguez-Narvaez, O.M., Goonetilleke, A., Perez, L., Bandala, E.R., 2021. Engineered technologies for the 1660 

separation and degradation of microplastics in water: A review. Chemical Engineering Journal 414, 1661 

128692. 1662 

Rodriguez-Seijo, A., Lourenço, J., Rocha-Santos, T.A.P., da Costa, J., Duarte, A.C., Vala, H., Pereira, R., 2017. 1663 

Histopathological and molecular effects of microplastics in Eisenia andrei Bouché. Environmental 1664 

Pollution 220, 495-503. 1665 

Rummel, C.D., Jahnke, A., Gorokhova, E., Kühnel, D., Schmitt-Jansen, M., 2017. Impacts of biofilm formation 1666 

on the fate and potential effects of microplastic in the aquatic environment. Environmental science & 1667 

technology letters 4, 258-267. 1668 

Sagle, A., Freeman, B., 2004. Fundamentals of membranes for water treatment. The future of desalination in 1669 

Texas 2, 137. 1670 

Salahuddin, Z., Ahmed, M., Farrukh, S., Ali, A., Javed, S., Hussain, A., Younas, M., Shakir, S., Bokhari, A., 1671 

Ahmed, S., 2022. Challenges and issues with the performance of boron nitride rooted membrane for gas 1672 

separation. Chemosphere, 136002. 1673 

Sarioglu, E., Kaynak, H.K., 2017. PET bottle recycling for sustainable textiles. Polyester-production, 1674 

characterization and innovative applications, 5-20. 1675 



71 
 

Schwabl, P., Köppel, S., Königshofer, P., Bucsics, T., Trauner, M., Reiberger, T., Liebmann, B., 2019. Detection 1676 

of various microplastics in human stool: a prospective case series. Annals of internal medicine 171, 453-1677 

457. 1678 

Schymanski, D., Goldbeck, C., Humpf, H.-U., Fürst, P., 2018. Analysis of microplastics in water by micro-Raman 1679 

spectroscopy: release of plastic particles from different packaging into mineral water. Water research 1680 

129, 154-162. 1681 

Seo, D.H., Xie, M., Murdock, A.T., van der Laan, T., Lawn, M., Park, M.J., Woo, Y.C., Pineda, S., Hong, J.M., 1682 

Grigore, M., 2021. Rejection of harsh pH saline solutions using graphene membranes. Carbon 171, 240-1683 

247. 1684 

Shahi, N.K., Maeng, M., Kim, D., Dockko, S., 2020. Removal behavior of microplastics using alum coagulant 1685 

and its enhancement using polyamine-coated sand. Process Safety and Environmental Protection 141, 9-1686 

17. 1687 

Shams, M., Alam, I., Chowdhury, I., 2020. Aggregation and stability of nanoscale plastics in aquatic environment. 1688 

Water Research 171, 115401. 1689 

Shannon, M.A., Bohn, P.W., Elimelech, M., Georgiadis, J.G., Mariñas, B.J., Mayes, A.M., 2008. Science and 1690 

technology for water purification in the coming decades. Nature 452, 301-310. 1691 

Sharma, S., Basu, S., Shetti, N.P., Nadagouda, M.N., Aminabhavi, T.M., 2021. Microplastics in the environment: 1692 

Occurrence, perils, and eradication. Chemical Engineering Journal 408, 127317. 1693 

Shen, H., Wang, N., Ma, K., Wang, L., Chen, G., Ji, S., 2017. Tuning inter-layer spacing of graphene oxide 1694 

laminates with solvent green to enhance its nanofiltration performance. Journal of Membrane Science 1695 

527, 43-50. 1696 

Shen, M., Hu, T., Huang, W., Song, B., Zeng, G., Zhang, Y., 2021. Removal of microplastics from wastewater 1697 

with aluminosilicate filter media and their surfactant-modified products: Performance, mechanism and 1698 

utilization. Chemical Engineering Journal 421, 129918. 1699 

Shi, X., Zhang, X., Gao, W., Zhang, Y., He, D., 2022. Removal of microplastics from water by magnetic nano-1700 

Fe3O4. Science of The Total Environment 802, 149838. 1701 

Shon, H., Vigneswaran, S., Kandasamy, J., Cho, J., 2002. Membrane technology for organic removal in 1702 

wastewater. 1703 



72 
 

Sighicelli, M., Pietrelli, L., Lecce, F., Iannilli, V., Falconieri, M., Coscia, L., Di Vito, S., Nuglio, S., Zampetti, G., 1704 

2018. Microplastic pollution in the surface waters of Italian Subalpine Lakes. Environmental Pollution 1705 

236, 645-651. 1706 

Siipola, V., Pflugmacher, S., Romar, H., Wendling, L., Koukkari, P., 2020. Low-Cost Biochar Adsorbents for 1707 

Water Purification Including Microplastics Removal. Applied Sciences 10, 788. 1708 

Simon, M., van Alst, N., Vollertsen, J., 2018. Quantification of microplastic mass and removal rates at wastewater 1709 

treatment plants applying Focal Plane Array (FPA)-based Fourier Transform Infrared (FT-IR) imaging. 1710 

Water Research 142, 1-9. 1711 

Singh, N., Khandelwal, N., Ganie, Z.A., Tiwari, E., Darbha, G.K., 2021. Eco-friendly magnetic biochar: An 1712 

effective trap for nanoplastics of varying surface functionality and size in the aqueous environment. 1713 

Chemical Engineering Journal 418, 129405. 1714 

Skaf, D.W., Punzi, V.L., Rolle, J.T., Kleinberg, K.A., 2020. Removal of micron-sized microplastic particles from 1715 

simulated drinking water via alum coagulation. Chemical Engineering Journal 386, 123807. 1716 

Smith, M., Love, D.C., Rochman, C.M., Neff, R.A., 2018. Microplastics in seafood and the implications for 1717 

human health. Current environmental health reports 5, 375-386. 1718 

Smyth, K., Drake, J., Li, Y., Rochman, C., Van Seters, T., Passeport, E., 2021. Bioretention cells remove 1719 

microplastics from urban stormwater. Water Research 191, 116785. 1720 

Song, X., Cui, S., Li, Z., Jiao, Y., Zhou, C., 2018. Fabrication of chitin/graphene oxide composite sponges with 1721 

higher bilirubin adsorption capacity. Journal of Materials Science: Materials in Medicine 29, 1-13. 1722 

Stang, C., Mohamed, B.A., Li, L.Y., 2022. Microplastic removal from urban stormwater: Current treatments and 1723 

research gaps. Journal of Environmental Management 317, 115510. 1724 

Su, L., Xue, Y., Li, L., Yang, D., Kolandhasamy, P., Li, D., Shi, H., 2016. Microplastics in taihu lake, China. 1725 

Environmental Pollution 216, 711-719. 1726 

Sun, C., Wang, Z., Chen, L., Li, F., 2020. Fabrication of robust and compressive chitin and graphene oxide 1727 

sponges for removal of microplastics with different functional groups. Chemical Engineering Journal 1728 

393, 124796. 1729 

Sun, C., Wang, Z., Zheng, H., Chen, L., Li, F., 2021a. Biodegradable and re-usable sponge materials made from 1730 

chitin for efficient removal of microplastics. Journal of Hazardous Materials 420, 126599. 1731 

Sun, J., Dai, X., Wang, Q., van Loosdrecht, M.C., Ni, B.-J., 2019. Microplastics in wastewater treatment plants: 1732 

Detection, occurrence and removal. Water research 152, 21-37. 1733 



73 
 

Sun, K., Song, Y., He, F., Jing, M., Tang, J., Liu, R., 2021b. A review of human and animals exposure to polycyclic 1734 

aromatic hydrocarbons: Health risk and adverse effects, photo-induced toxicity and regulating effect of 1735 

microplastics. Science of The Total Environment 773, 145403. 1736 

Talvitie, J., Heinonen, M., Pääkkönen, J.-P., Vahtera, E., Mikola, A., Setälä, O., Vahala, R., 2015. Do wastewater 1737 

treatment plants act as a potential point source of microplastics? Preliminary study in the coastal Gulf of 1738 

Finland, Baltic Sea. Water Science and Technology 72, 1495-1504. 1739 

Talvitie, J., Mikola, A., Koistinen, A., Setälä, O., 2017a. Solutions to microplastic pollution–Removal of 1740 

microplastics from wastewater effluent with advanced wastewater treatment technologies. Water 1741 

research 123, 401-407. 1742 

Talvitie, J., Mikola, A., Koistinen, A., Setälä, O., 2017b. Solutions to microplastic pollution – Removal of 1743 

microplastics from wastewater effluent with advanced wastewater treatment technologies. Water 1744 

Research 123, 401-407. 1745 

Tamminga, M., Stoewer, S.-C., Fischer, E.K., 2019. On the representativeness of pump water samples versus 1746 

manta sampling in microplastic analysis. Environmental pollution 254, 112970. 1747 

Tan, I., Ahmad, A., Hameed, B., 2009. Adsorption isotherms, kinetics, thermodynamics and desorption studies of 1748 

2, 4, 6-trichlorophenol on oil palm empty fruit bunch-based activated carbon. Journal of hazardous 1749 

materials 164, 473-482. 1750 

Tarfaoui, M., El Moumen, A., Boehle, M., Shah, O., Lafdi, K., 2019. Self-heating and deicing epoxy/glass fiber 1751 

based carbon nanotubes buckypaper composite. Journal of materials science 54, 1351-1362. 1752 

Thirumal, V., Yuvakkumar, R., Kumar, P.S., Keerthana, S., Ravi, G., Velauthapillai, D., Saravanakumar, B., 1753 

2021. Efficient photocatalytic degradation of hazardous pollutants by homemade kitchen blender novel 1754 

technique via 2D-material of few-layer MXene nanosheets. Chemosphere 281, 130984. 1755 

Tirpak, R.A., Afrooz, A.N., Winston, R.J., Valenca, R., Schiff, K., Mohanty, S.K., 2021. Conventional and 1756 

amended bioretention soil media for targeted pollutant treatment: A critical review to guide the state of 1757 

the practice. Water Research 189, 116648. 1758 

Tiseo, I., 2020. Plastic Waste Worldwide—Statistics & Facts. Energy and Environment: Waste Management. 1759 

Available at: https://www. statista. com/topics/5401/global-plastic-waste/# dossierKeyfigures. Accessed 1760 

November 10, 2021. 1761 

Tofa, T.S., Kunjali, K.L., Paul, S., Dutta, J., 2019. Visible light photocatalytic degradation of microplastic residues 1762 

with zinc oxide nanorods. Environmental Chemistry Letters 17, 1341-1346. 1763 

https://www/


74 
 

Tsang, Y.Y., Mak, C.W., Liebich, C., Lam, S.W., Sze, E.T.P., Chan, K.M., 2017. Microplastic pollution in the 1764 

marine waters and sediments of Hong Kong. Mar. Pollut. Bull. 115, 20-28. 1765 

Tufenkji, N., Elimelech, M., 2004. Correlation equation for predicting single-collector efficiency in 1766 

physicochemical filtration in saturated porous media. Environmental science & technology 38, 529-536. 1767 

Upadhyay, R., Singh, S., Kaur, G., 2022. Sorption of pharmaceuticals over microplastics’ surfaces: interaction 1768 

mechanisms and governing factors. Environmental Monitoring and Assessment 194, 1-15. 1769 

Urso, M., Ussia, M., Novotný, F., Pumera, M., 2022. Trapping and detecting nanoplastics by MXene-derived 1770 

oxide microrobots. Nature communications 13, 1-14. 1771 

van Franeker, J.A., 1985. Plastic ingestion in the North Atlantic fulmar. Marine Pollution Bulletin 16, 367-369. 1772 

Vegter, A.C., Barletta, M., Beck, C., Borrero, J., Burton, H., Campbell, M.L., Costa, M.F., Eriksen, M., Eriksson, 1773 

C., Estrades, A., 2014. Global research priorities to mitigate plastic pollution impacts on marine wildlife. 1774 

Endangered Species Research 25, 225-247. 1775 

Vermaire, J.C., Pomeroy, C., Herczegh, S.M., Haggart, O., Murphy, M., 2017. Microplastic abundance and 1776 

distribution in the open water and sediment of the Ottawa River, Canada, and its tributaries. Facets 2, 1777 

301-314. 1778 

Wang, C., Zhao, J., Xing, B., 2021a. Environmental source, fate, and toxicity of microplastics. Journal of 1779 

Hazardous Materials 407, 124357. 1780 

Wang, F., Wong, C.S., Chen, D., Lu, X., Wang, F., Zeng, E.Y., 2018. Interaction of toxic chemicals with 1781 

microplastics: a critical review. Water research 139, 208-219. 1782 

Wang, J., Liu, X., Li, Y., Powell, T., Wang, X., Wang, G., Zhang, P., 2019a. Microplastics as contaminants in the 1783 

soil environment: A mini-review. Science of The Total Environment 691, 848-857. 1784 

Wang, J., Sun, C., Huang, Q.-X., Chi, Y., Yan, J.-H., 2021b. Adsorption and thermal degradation of microplastics 1785 

from aqueous solutions by Mg/Zn modified magnetic biochars. Journal of Hazardous Materials 419, 1786 

126486. 1787 

Wang, L., Kaeppler, A., Fischer, D., Simmchen, J., 2019b. Photocatalytic TiO2 micromotors for removal of 1788 

microplastics and suspended matter. ACS applied materials & interfaces 11, 32937-32944. 1789 

Wang, W., Gao, H., Jin, S., Li, R., Na, G., 2019c. The ecotoxicological effects of microplastics on aquatic food 1790 

web, from primary producer to human: A review. Ecotoxicol Environ Saf 173, 110-117. 1791 

Wang, X., Li, C., Liu, K., Zhu, L., Song, Z., Li, D., 2020a. Atmospheric microplastic over the South China Sea 1792 

and East Indian Ocean: abundance, distribution and source. J Hazard Mater 389, 121846. 1793 



75 
 

Wang, X., Zheng, H., Zhao, J., Luo, X., Wang, Z., Xing, B., 2020b. Photodegradation Elevated the Toxicity of 1794 

Polystyrene Microplastics to Grouper (<i>Epinephelus moara</i>) through Disrupting Hepatic Lipid 1795 

Homeostasis. Environmental Science &amp; Technology 54, 6202-6212. 1796 

Wang, Y., Li, Y.n., Tian, L., Ju, L., Liu, Y., 2021c. The removal efficiency and mechanism of microplastic 1797 

enhancement by positive modification dissolved air flotation. Water Environment Research 93, 693-702. 1798 

Wang, Z., Lin, T., Chen, W., 2020c. Occurrence and removal of microplastics in an advanced drinking water 1799 

treatment plant (ADWTP). Science of the Total Environment 700, 134520. 1800 

Wang, Z., Qin, Y., Li, W., Yang, W., Meng, Q., Yang, J., 2019d. Microplastic contamination in freshwater: first 1801 

observation in lake ulansuhai, yellow river basin, China. Environmental Chemistry Letters 17, 1821-1802 

1830. 1803 

Wang, Z., Sedighi, M., Lea-Langton, A., 2020d. Filtration of microplastic spheres by biochar: removal efficiency 1804 

and immobilisation mechanisms. Water Research 184, 116165. 1805 

Wei, S., Xie, Y., Xing, Y., Wang, L., Ye, H., Xiong, X., Wang, S., Han, K., 2019. Two-dimensional graphene 1806 

Oxide/MXene composite lamellar membranes for efficient solvent permeation and molecular separation. 1807 

Journal of Membrane Science 582, 414-422. 1808 

Wen, B., Jin, S.-R., Chen, Z.-Z., Gao, J.-Z., Liu, Y.-N., Liu, J.-H., Feng, X.-S., 2018. Single and combined effects 1809 

of microplastics and cadmium on the cadmium accumulation, antioxidant defence and innate immunity 1810 

of the discus fish (Symphysodon aequifasciatus). Environmental Pollution 243, 462-471. 1811 

Wu, C., Zhang, K., Huang, X., Liu, J., 2016. Sorption of pharmaceuticals and personal care products to 1812 

polyethylene debris. Environmental Science and pollution research 23, 8819-8826. 1813 

Wu, L., Liu, Y., Hu, J., Feng, X., Ma, C., Wen, C., 2021a. Preparation of polyvinylidene fluoride composite 1814 

ultrafiltration membrane for micro-polluted surface water treatment. Chemosphere 284, 131294. 1815 

Wu, M., Tang, W., Wu, S., Liu, H., Yang, C., 2021b. Fate and effects of microplastics in wastewater treatment 1816 

processes. Science of The Total Environment 757, 143902. 1817 

Wu, S.-H., Bing-zhi, D., Yu, H., 2010. Adsorption of bisphenol A by polysulphone membrane. Desalination 253, 1818 

22-29. 1819 

Wu, Y., Guo, P., Zhang, X., Zhang, Y., Xie, S., Deng, J., 2019. Effect of microplastics exposure on the 1820 

photosynthesis system of freshwater algae. Journal of hazardous materials 374, 219-227. 1821 

Wu, Y., Yu, Y., 2019. 2D material as anode for sodium ion batteries: recent progress and perspectives. Energy 1822 

Storage Materials 16, 323-343. 1823 



76 
 

Xiao, K., Liang, S., Wang, X., Chen, C., Huang, X., 2019. Current state and challenges of full-scale membrane 1824 

bioreactor applications: A critical review. Bioresource technology 271, 473-481. 1825 

Xiong, X., Zhang, K., Chen, X., Shi, H., Luo, Z., Wu, C., 2018. Sources and distribution of microplastics in 1826 

China's largest inland lake–Qinghai Lake. Environmental pollution 235, 899-906. 1827 

Xu, Q., Huang, Q.-S., Luo, T.-Y., Wu, R.-L., Wei, W., Ni, B.-J., 2021a. Coagulation removal and photocatalytic 1828 

degradation of microplastics in urban waters. Chemical Engineering Journal 416, 129123. 1829 

Xu, S., Ma, J., Ji, R., Pan, K., Miao, A.J., 2020a. Microplastics in aquatic environments: Occurrence, 1830 

accumulation, and biological effects. Sci Total Environ 703, 134699. 1831 

Xu, X., Wong, C., Tam, N.F., Lo, H.-S., Cheung, S.-G., 2020b. Microplastics in invertebrates on soft shores in 1832 

Hong Kong: Influence of habitat, taxa and feeding mode. Science of the Total Environment 715, 136999. 1833 

Xu, Y., Yu, X., Xu, B., Peng, D., Guo, X., 2021b. Sorption of pharmaceuticals and personal care products on soil 1834 

and soil components: Influencing factors and mechanisms. Science of the Total Environment 753, 1835 

141891. 1836 

Xu, Z., Bai, X., Ye, Z., 2021c. Removal and generation of microplastics in wastewater treatment plants: a review. 1837 

Journal of Cleaner Production 291, 125982. 1838 

Yang, G.C., Chen, Y.-C., Yang, H.-X., Yen, C.-H., 2016. Performance and mechanisms for the removal of 1839 

phthalates and pharmaceuticals from aqueous solution by graphene-containing ceramic composite 1840 

tubular membrane coupled with the simultaneous electrocoagulation and electrofiltration process. 1841 

Chemosphere 155, 274-282. 1842 

Yang, L., Cao, X., Cui, J., Wang, Y., Zhu, Z., Sun, H., Liang, W., Li, J., Li, A., 2022a. Holey Ti3C2 nanosheets 1843 

based membranes for efficient separation and removal of microplastics from water. Journal of Colloid 1844 

and Interface Science 617, 673-682. 1845 

Yang, L., Li, K., Cui, S., Kang, Y., An, L., Lei, K., 2019. Removal of microplastics in municipal sewage from 1846 

China's largest water reclamation plant. Water Research 155, 175-181. 1847 

Yang, L., Ye, X., Cao, X., Zhu, Z., Sun, H., Liang, W., Li, A., 2022b. Deploying holey rGO-based membranes 1848 

for MPs removal. Journal of Water Process Engineering 48, 102875. 1849 

Yang, Z., Li, S., Ma, S., Liu, P., Peng, D., Ouyang, Z., Guo, X., 2021. Characteristics and removal efficiency of 1850 

microplastics in sewage treatment plant of Xi'an City, northwest China. Science of The Total 1851 

Environment 771, 145377. 1852 



77 
 

Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., Toyohara, K., Miyamoto, K., Kimura, 1853 

Y., Oda, K., 2016. A bacterium that degrades and assimilates poly (ethylene terephthalate). Science 351, 1854 

1196-1199. 1855 

Yu, F., Bai, X., Liang, M., Ma, J., 2021. Recent progress on metal-organic framework-derived porous carbon and 1856 

its composite for pollutant adsorption from liquid phase. Chemical Engineering Journal 405, 126960. 1857 

Yu, H., Qi, W., Cao, X., Wang, Y., Li, Y., Xu, Y., Zhang, X., Peng, J., Qu, J., 2022. Impact of microplastics on 1858 

the foraging, photosynthesis and digestive systems of submerged carnivorous macrophytes under low 1859 

and high nutrient concentrations. Environmental Pollution 292, 118220. 1860 

Yu, H., Yang, B., Waigi, M.G., Peng, F., Li, Z., Hu, X., 2020. The effects of functional groups on the sorption of 1861 

naphthalene on microplastics. Chemosphere 261, 127592. 1862 

Yuan, F., Yue, L., Zhao, H., Wu, H., 2020. Study on the adsorption of polystyrene microplastics by three-1863 

dimensional reduced graphene oxide. Water Science and Technology 81, 2163-2175. 1864 

Zargar, M., Ujihara, R., Vogt, S.J., Vrouwenvelder, J.S., Fridjonsson, E.O., Johns, M.L., 2020. Imaging of 1865 

membrane concentration polarization by NaCl using 23Na nuclear magnetic resonance. Journal of 1866 

Membrane Science 600, 117868. 1867 

Zazoum, B., Bachri, A., Nayfeh, J., 2021. Functional 2D MXene Inks for Wearable Electronics. Materials 14, 1868 

6603. 1869 

Zeng, G., Lin, Q., Wei, K., Liu, Y., Zheng, S., Zhan, Y., He, S., Patra, T., Chiao, Y.-H., 2021. High-performing 1870 

composite membrane based on dopamine-functionalized graphene oxide incorporated two-dimensional 1871 

MXene nanosheets for water purification. Journal of Materials Science 56, 6814-6829. 1872 

Zhang, B., Wu, D., Yang, X., Teng, J., Liu, Y., Zhang, C., Zhao, J., Yin, X., You, L., Liu, Y., Wang, Q., 2019a. 1873 

Microplastic pollution in the surface sediments collected from Sishili Bay, North Yellow Sea, China. 1874 

Marine Pollution Bulletin 141, 9-15. 1875 

Zhang, C., Wang, S., Sun, D., Pan, Z., Zhou, A., Xie, S., Wang, J., Zou, J., 2020a. Microplastic pollution in surface 1876 

water from east coastal areas of Guangdong, South China and preliminary study on microplastics 1877 

biomonitoring using two marine fish. Chemosphere 256, 127202. 1878 

Zhang, H., Chhowalla, M., Liu, Z., 2018a. 2D nanomaterials: graphene and transition metal dichalcogenides. 1879 

Chemical Society Reviews 47, 3015-3017. 1880 



78 
 

Zhang, J., Xie, X., Liang, C., Zhu, W., Meng, X., 2019b. Characteristics and mechanism of Pb (II) 1881 

adsorption/desorption on GO/r-GO under sulfide-reducing conditions. Journal of Industrial and 1882 

Engineering Chemistry 73, 233-240. 1883 

Zhang, K., Xiong, X., Hu, H., Wu, C., Bi, Y., Wu, Y., Zhou, B., Lam, P.K., Liu, J., 2017. Occurrence and 1884 

characteristics of microplastic pollution in Xiangxi Bay of Three Gorges Reservoir, China. 1885 

Environmental science & technology 51, 3794-3801. 1886 

Zhang, Q., Xu, E.G., Li, J., Chen, Q., Ma, L., Zeng, E.Y., Shi, H., 2020b. A review of microplastics in table salt, 1887 

drinking water, and air: direct human exposure. Environmental Science & Technology 54, 3740-3751. 1888 

Zhang, W., Cheng, W., Ziemann, E., Be’er, A., Lu, X., Elimelech, M., Bernstein, R., 2018b. Functionalization of 1889 

ultrafiltration membrane with polyampholyte hydrogel and graphene oxide to achieve dual antifouling 1890 

and antibacterial properties. Journal of Membrane Science 565, 293-302. 1891 

Zhang, W., Zhang, Y., Wang, Y., Tian, S., Han, N., Li, W., Wang, W., Liu, H., Yan, X., Zhang, X., 2022. Fluffy-1892 

like amphiphilic graphene oxide (f-GO) and its effects on improving the antifouling of PAN-based 1893 

composite membranes. Desalination 527, 115575. 1894 

Zhou, W., Cheng, K., Kang, J., Zhou, C., Subramanian, V., Zhang, Q., Wang, Y., 2019. New horizon in C1 1895 

chemistry: breaking the selectivity limitation in transformation of syngas and hydrogenation of CO 2 into 1896 

hydrocarbon chemicals and fuels. Chemical Society Reviews 48, 3193-3228. 1897 

Zhu, S., Meng, Q., Wang, L., Zhang, J., Song, Y., Jin, H., Zhang, K., Sun, H., Wang, H., Yang, B., 2013. Highly 1898 

photoluminescent carbon dots for multicolor patterning, sensors, and bioimaging. Angewandte Chemie 1899 

125, 4045-4049. 1900 

Ziajahromi, S., Drapper, D., Hornbuckle, A., Rintoul, L., Leusch, F.D., 2020a. Microplastic pollution in a 1901 

stormwater floating treatment wetland: Detection of tyre particles in sediment. Science of the Total 1902 

Environment 713, 136356. 1903 

Ziajahromi, S., Drapper, D., Hornbuckle, A., Rintoul, L., Leusch, F.D.L., 2020b. Microplastic pollution in a 1904 

stormwater floating treatment wetland: Detection of tyre particles in sediment. Science of The Total 1905 

Environment 713, 136356. 1906 

Ziajahromi, S., Neale, P.A., Rintoul, L., Leusch, F.D., 2017. Wastewater treatment plants as a pathway for 1907 

microplastics: development of a new approach to sample wastewater-based microplastics. Water research 1908 

112, 93-99. 1909 



79 
 

Ziajahromi, S., Neale, P.A., Silveira, I.T., Chua, A., Leusch, F.D., 2021. An audit of microplastic abundance 1910 

throughout three Australian wastewater treatment plants. Chemosphere 263, 128294. 1911 

1912 



80 
 

Supplementary information 1 

Recent developments in microplastic contaminated water treatment: Progress and prospects of carbon-based 2 

two-dimensional materials for membranes separation  3 

Tariq Mehmooda, b, 1, *, Beenish Mustafac, 1, Katrin Mackenzieb, Wahid Alid, Raja Irfan Sabire, Wajiha Anumf, 4 
Gajendra Kumar Gauravg, h, Umair Riazi, Xinghui Liug, k, Licheng Penga, l, ** 5 

 6 
a College of Ecology and Environment, Hainan University, Haikou, Hainan Province, 570228, China 7 
b Helmholtz Centre for Environmental Research - UFZ, Department of Environmental Engineering, Permoserstr. 8 
15, D-04318 Leipzig, Germany 9 
c National Laboratory of Solid State Microstructures, School of Physics, Nanjing University, Nanjing 210093, China 10 
d Department of Chemical Engineering Technology, College of Applied Industrial Technology (CAIT), Jazan 11 
University, Jazan, 45971, Kingdom of Saudi Arabia 12 
e Faculty of Management Sciences, University of Central Punjab, Lahore; Pakistan 13 
f Regional Agricultural Research Institute, Bahawalpur, Pakistan 14 
g Sustainable Process Integration Laboratory, SPIL, NETME Centre, Faculty of Mechanical Engineering, Brno 15 
University of Technology, VUT Brno, Technická 2896/2, 616 69, Brno, Czech Republic 16 
h School of Physics and Electronic Information, Yan'an University, Yan'an, 716000, China 17 
i Department of Soil and Environmental Sciences, Muhammad Nawaz Shareef University of Agriculture, Multan, 18 
60000, Pakistan 19 
j Department of Material Physics, Saveetha School of Engineering, Saveetha Institute of Medical and Technical 20 
Science (SIMTS), Thandalam, Chennai, Tamilnadu, 602105, India 21 
k Department of Materials Science and Engineering, City University of Hong Kong, Kowloon, Hong Kong, 999077 22 
China 23 
l Key Laboratory of Agro-Forestry Environmental Processes and Ecological Regulation of Hainan Province, 24 
Hainan University, Haikou, Hainan Province 570228, China 25 
 26 

*Corresponding authors:  27 

Licheng Peng (lcpeng@hainanu.edu.cn)  28 

Tariq Mehmood (tariq.mehmood@ufz.de)  29 

† These authors contributed equally to this work. 30 

 31 

1. Environmental implication of MPs in water 32 

As synthetic organic polymers, MPs can exist stably in aquatic environments for a long time due to their special 33 

properties (small particle size, large specific surface area, lightweight, strong hydrophobicity, and variable density). 34 

In seawater, plastic particles of high-density sink towards sediments, accumulate there, and become more accessible 35 

to benthic organisms. The less-dense particles endure at the sea surface until bio-fouling occurs, sunlight exposure 36 
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enables breakdown, or when they entrain in aggregates like fecal pellets. After gaining density, they sink into the 37 

sediment (Andrady, 2011). However, due to atrophy, the size of nanoparticles increased. Characteristics of aqueous 38 

media, like pH, salinity, etc., may influence nanoparticles' physiochemical structure (coating, surface charge). 39 

Resultantly, aggregation/agglomeration and hydrophobicity processes fluctuate, eliciting varying distribution in the 40 

water column. Marine sediments are thus considered long-term sinks for nano plastic particles (Oliveira and Almeida, 41 

2019; Javeed et al., 2021). Zoo planktonic, for example, marine copepod Tigriopus japonicus mortality, has occurred 42 

due to a high level of polystyrene plastic particles (Lee et al., 2013). 43 

MPs are self-toxic, and their ingestion by animals has negative effects on growth, intestinal tissues, etc. (Rodriguez-44 

Seijo et al., 2017; Wang et al., 2019a), and a variety of additives often accompanies the manufacturing process of 45 

plastics (e.g., antioxidants, pigments, plasticizers, etc.), and their exposure to external factors (e.g., shear, UV 46 

irradiation, weathering, etc.) are easily released into the environment (Lambert et al., 2014; Paluselli et al., 2018; 47 

Wang et al., 2020b), thus endangering the health of organisms. In addition, MPs are also loaded with toxic, and their 48 

smaller particle size and larger surface area lead to their strong adsorption properties, which can readily adsorb various 49 

toxic substances in the environment (e.g., polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons 50 

(PAHs), antibiotics, etc.), thus indirectly exerting toxic effects on biological processes (Wang et al., 2020a; Wang et 51 

al., 2021a). 52 

The range of problems resulting from inadvertent uptake of MPs by organisms (including reduced foraging 53 

ability, digestive tract blockage, and nutrient loss) is a major severe environmental challenge (Graham and Thompson, 54 

2009; Bakir et al., 2012), and it has been shown that MPs have a wide range of biological effects, with filter-feeding 55 

and deposit-feeding invertebrates (Xu et al., 2020b), seabirds (van Franeker, 1985), crustaceans (Murray and Cowie, 56 

2011) and commercially (Lusher et al., 2013) have been shown to ingest MPs that will eventually enter humans body 57 

through the food chain (Habib et al., 2020). MPs pollute the land, lakes, and waterways, as well as coastal areas, 58 

estuaries, and oceans. On land, plastic particles have been found in human consumables  (Kosuth et al., 2018), and 59 

accumulation has been observed in human embryos (Ragusa et al., 2021; Wang et al., 2021a), detected in the blood 60 

(Leslie et al., 2022),  in human stools  (Schwabl et al., 2019), suggesting widespread contamination of the human food 61 

chain, and thus, representing a potential threat to human health.  62 

Aquatic and terrestrial ecosystems are threatened by MPs pollution since MPs are absorbed by aquatic microbiota 63 

(e.g., microalgae) and fishes (Galloway et al., 2020). Humans consume a lot of fisheries since it's a high-quality protein 64 
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source. MP-contaminated fish and other seafood can cause human illnesses (Gündogdu et al., 2022). MPs, associated 65 

metals, and organic compounds can affect human health by interfering with metabolism. MPs polymerization process 66 

absorbs metal contaminants. In this way, it can carry organic contaminants and aid bioaccumulation in exposed 67 

organisms (Mehmood and Peng, 2022). 68 

MPs can disrupt the food chain by causing physiological stress in living bodies, altering the balance and health 69 

of the ecosystem (Gündogdu et al., 2022). MPs combined with harmful metals and organic species can disturb low 70 

trophic species, especially microalgae like Chlorella vulgaris and Chlorella pyrenoidosa. It can slow algae 71 

development procedure by boosting oxidative stress and affecting superoxide dismutase, catalase, etc. (Yu et al., 72 

2022). Due to oxidative stress, reactive oxygen species develop and accumulate in algal cells. Increased ROS and 73 

stress oxidation drive lipid peroxidation by creating more malondialdehyde (MDA), a peroxidation byproduct. Higher 74 

MPs concentrations and metal-absorbed MPs affect algae growth and chlorophyll production  (Wu et al., 2019; Yu et 75 

al., 2022). Additionally, MPs lessen sunlight penetration in the water column and travail photosynthetic organisms.  76 

Fish are also particularly sensitive to MPs exposure and ingestion. Pathogenic microorganisms, plastic additives, 77 

and organic and metal pollutants on bonds on MPs surface can concentrate in exposed fish. Several investigations 78 

found MPs polymers in fish digestive tracts. Because of their dimensions and shape, microscopic MPs particles are 79 

able to penetrate the epidermis,  lymphatic systems, and gills of sea species (Calderon et al., 2019). Ingesting MPs 80 

particles can cause fish digestive tract damage and obstruction. It affects fish eating, growth, and nutritional absorption 81 

(Jabeen et al., 2018). MPs can cause allergic reactions and affect fish's natural immunity (Wen et al., 2018). MPs can 82 

pass through fish's circulatory system and injure organs, i.e., the liver  (Barboza et al., 2018). The study reveals that 83 

MPs chemical additives, including PAH, PCB, and PBD, can be kept in fish intestines and transported between trophic 84 

levels. Biofilms adhering to MPs can cause bacterial infections in fish (Wang et al., 2019c). MPs can affect fish's 85 

metabolic, oxidative stress, enzyme activity, and reproductive and endocrine systems (Law, 2017). MPs are more 86 

likely to affect young fish (Duran and Beiras, 2017). MPs can impair fish larval development, motility, head-to-body 87 

length, and hatching time. 88 

Along with these, MPs and chemical additives cause cardiovascular irregularities, DNA breakdown, and larval 89 

death (Kogel et al., 2020). Water bodies contain visible amounts of wrappers, containers, and plastic bags. They not 90 

only pose an unaesthetic look, and cause an interruption in natural river and stream flows but also marine animals 91 

intertwined in them, which cause suffocation.   92 
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Up to 60-80% of marine life is affected by plastic pollution, which originates from Land bases (Barboza et al., 93 

2018; Abalansa et al., 2020)  Tsang et al. (2017) reported ample MPs in Hong Kong surface waters sediments and in 94 

edible fish like Mugil cephalus. Lin et al. (2018) identified the origin of microplastics as upstream cities from where 95 

water flows to Pearl River Plume in Hong Kong waters, while Prata (2018) stated MPs discharge from local 96 

stormwater outfalls and sewage treatment works. Ordinarily, Organic matter (OM), suspended solids (SS), and 97 

nutrients present in sewage are removed in sewage treatment works. However, illicit drugs, trace metals, 98 

pharmaceuticals, and smaller-sized  MPs (less than 1mm) are still retained there  (Binelli et al., 2015). Fish and other 99 

aquatic animals face diverse and life-threatening conditions after MPs are discharged into the recipient's water from 100 

STWs or SWOs (Güven et al., 2017).  MPs enter food chains via biomagnification and bioaccumulation  (Peng et al., 101 

2022b). Other sources of MPs are frequently used personal care products, which result in the accumulation of MP/NPs 102 

in microbeads and microfibers (Napper and Thompson, 2016). 103 

Although there are various regulations for marine litter pollution, there are fewer regulations for MPs. Since 2014, 104 

when the Netherlands prohibited microbeads in cosmetics, regulations have been enacted in many countries, including 105 

Sweden, Australia, New Zealand, Italy, Canada, the United Kingdom, and the United States (OECD, 2021). 106 

MPs are exogenous particles with hydrophobic surfaces and aid in carrying numerous pesticides and organic 107 

compounds with hydrophobic properties preexisting in soils (Jiang et al., 2020). The recurring exertion of such 108 

fungicides leads to their accretion in soil, and after coming in contact, pesticides stick to MPs surfaces. Diverse 109 

interactions occur, which leads to ecosystem disturbances. Therefore, with time, a replacement of polymers with 110 

biodegradable materials is a prerequisite (Jiang et al., 2020). 111 

 112 
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 113 

Figure S1 Sources, transportation and consumers of MPs pollution in water. Reproduced with permission from ref. 114 

(Garcés-Ordóñez et al., 2022) Copyright 2022, Elsevier. 115 

2. Current strategies for removal of Micro/nano plastics from aquas media 116 

 Various ways have been explored to date to eradicate MPs from water. Although wastewater treatment facilities 117 

(WWTPs) can remove 95% of  MPs (Talvitie et al., 2017a), some  MPs can still circumvent WWTPs and reach the 118 

aquatic environment. Due to the high volume of wastewater discharged by WWTPs, it is predicted that between 15,000 119 

and 4.5 million microplastic particles are released daily into surface water, independent of treatment effectiveness 120 

(Shen et al., 2021). In addition, the coagulation procedures described in prior investigations do not eliminate  MPs 121 

(Ma et al., 2019a). Ozonation is a novel approach for treating  MPs; however, in some circumstances, it is nearly 122 

ineffective since it mainly reduces big  MPs to smaller ones, resulting in a slight increase in the output concentration 123 

of  MPs relative to the input (Heinrich et al., 2020). Inadequate ozonation treatment may also result in the development 124 

of chemicals that are hazardous to human health and ecosystems. Membrane filtration may limit  MPs' escape based 125 

on the  MPs' size and membrane type, and pore structure, making it a very effective solution to the  MPs in wastewater 126 

problem(Li et al., 2018; Poerio et al., 2019). Several removal processes exist for MPs, but sedimentation and 127 

deposition are the most prevalent (Liu et al., 2019a).   MPs' form, size, and density dictate their eventual destination 128 
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and mobility in water. Biofilm formation on the surface of MPs aids in their deposition and sedimentation, particularly 129 

for polymers with a low density (Carr et al., 2016).       130 

Some researchers have advocated mixing RO and UF membranes to completely remove MPs (Goh et al., 2018; 131 

Tang and Hadibarata, 2021), improving the microplastic removal rate. The majority of conventional membrane 132 

materials are organic polymers with limited water permeability and vulnerability to contamination(Guha et al., 2017; 133 

Maliwan et al., 2021). Recent research has shown that inorganic two-dimensional (2D) layered membranes with high 134 

chemical and thermal resistance, such as graphene oxide (GO) and MXene, offer considerable separation and 135 

purification potential (Zazoum et al., 2021; Mustafa et al., 2022a). In aqueous separation, these two-dimensional 136 

inorganic materials rely on interlayer gaps for water flow, resulting in low water flux. Consequently, it is essential to 137 

continue searching for membranes with high water flow and MP removal effectiveness. Some major strategies which 138 

are used for MPs removal include bioretention(Lange et al., 2021b; Smyth et al., 2021; Stang et al., 2022), 139 

coagulation(Ma et al., 2019b; Lapointe et al., 2020; Skaf et al., 2020), floatation (Egger et al., 2020; Ziajahromi et al., 140 

2020b), chemical degradation (Rodríguez-Narvaez et al., 2021). 141 

2.1. Bioretention 142 

Bioretention systems have been proven to be effective in removing emerging pollutants in earlier studies (Mehmood 143 

et al., 2021), as well as the elimination of particulate pollutants such SS, particulate materials, and PAH-associated 144 

particles (Liu et al., 2016b). Meanwhile, only two studies have demonstrated that bioretention effectively removes 145 

microplastic. A rain garden bioretention system was able to remove MPs of particle size effectively>125 m; however, 146 

the data was based on just three rainfall events. A parking lot bioretention cell was successful in removing MPs 147 

particles (>106 m) (Smyth et al., 2021). Pre-treatments like oven drying, pre-sieving (for coarse and small particles), 148 

and chemical oxidation have an impact on the effectiveness of sedimentation. The effectiveness of the technique 149 

depends on the sediment's composition. The mineralogy, the amount of organic matter, and the particle size all impact 150 

the final findings and the method's complexity. Optically separating and identifying materials is always challenging, 151 

especially now that challenges in distinguishing plastic from non-plastic materials have been recognized (Tamminga 152 

et al., 2019; Li et al., 2020c). Understanding particle removal and movement in SCM reveal microplastic removal and 153 

transport pathways (Tirpak et al., 2021).  MPs are removed from stormwater through settling, adsorption, and filtering 154 

(Stang et al., 2022). Even though most  MPs will be filtered out in topsoil due to their size (Han et al., 2022), smaller  155 

MPs may travel downstream with runoff. Research shows microspheres larger than 2 m have limited transport 156 
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capacities (Gao et al., 2021). SCMs are prone to precipitation penetration or dry-wet cycles, which can accelerate 157 

microplastic downward migration (O'Connor et al., 2019). Due to a lack of depth distribution data from SCM, we 158 

cannot understand the vertical movement of  MPs. A membrane filtering facility before and within the bioretention 159 

system reduces pollutants in stormwater (reference); however, this needs to be thoroughly researched for MPs 160 

treatment. 161 

2.2. Floatation 162 

One method currently being used to filter  MPs is to separate them based on densities. By using density and 163 

floatation, the denser particles sink to the bottom of the sample, and the lighter particles will float to the top. Most 164 

plastics, such as polypropylene and polyethylene, are lighter than seawater (Mai et al., 2018). Common chemicals 165 

used in this type of separation are zinc chloride, sodium chloride, and sodium iodine due to their inexpensiveness 166 

(Coppock et al., 2017). Any sediments found in a sample can sink while other plastic particles floating in the remaining 167 

water. This method helps isolate the microplastic by removing the denser sediments.  168 

 MPs are also separated from sediments (marine, estuarine) through density separation methods. As stated by   169 

Kononov et al. (2022), agitation of sediments samples with salt solution results in the floatation of MPs. Yet, floatation 170 

methods are governed by the density of their corresponding salt solutions. Hidalgo-Ruz et al. (2012)specified those 171 

common plastics are in the range of 0.8-2.35 g/cm3 density, further along with  Coppock et al. (2017)  indicated that 172 

low-density salt solutions (sodium chloride) are not appropriate for eradicating high-density plastics. Contrariwise, 173 

Na Br, ZnCl2, and NaI as high-density salts do not discern among plastic particles and other elements, thus making 174 

the separation process challenging. Furthermore, prodigious variation in toxicity, price, reactivity, and waste disposal 175 

of salt makes the density separation method tough and hinders or prohibits laboratories from endeavoring high-density 176 

salts (Cashman et al., 2020).   177 

2.3. Chemical Degradation 178 

Few studies have employed chemical digestion, and even fewer have used specialized removal procedures such 179 

as wet oxidation and advanced oxidation for MPs removal (Rodríguez-Narvaez et al., 2021).  Kang et al. (2019) 180 

demonstrated high temperature ((>100 °C) and acidic conditions (pH=3) in combined system of peroxymonosulfate 181 

(PMS) and manganese modified carbon nanotubes (Mn@CNTs) and acidic conditions (pH = 3) resulted in 50% weight 182 

of MPs in 8 hours reaction time. Fenton-like system, can substantially change physicochemical properties and reduced 183 

MPs weight. Nonetheless, despite the positive findings, significant knowledge gaps persist. There is no information, 184 
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for example, on the impact of the primary variables studied for MPs degradation (e.g., PMS concentration, Mn@CNTs 185 

load). MPs could possibly be degraded using other sophisticated oxidation techniques (for example, the Co/PMS 186 

reaction), which have been found to be extremely effective at degrading organic pollutants (Ghanbari and Moradi, 187 

2017).  Miao et al. (2020) confirmed that the electro-Fenton method with a TiO2/graphite cathode was extremely 188 

successful for the degrading of polyvinylchloride (PVC) MPs. The researchers revealed that using a TiO2/graphite 189 

cathode boosted the synthesis of H2O2, creating a higher number of hydroxyl radicals than the typical Fenton reaction. 190 

The dechlorination of PVC MPs was found to be 80% under these conditions. However, a fundamental obstacle to the 191 

general application of chemical degradation techniques is secondary MPs produced by chemical or biological 192 

mechanisms. Meanwhile, MPs have been effectively removed by chemical and electrochemical coagulation-193 

flocculation techniques (Rodríguez-Narvaez et al., 2021). 194 

2.4. Coagulation  195 

Coagulation is a widely used, affordable method of wastewater treatment (Monira et al., 2021). It is a chemical process 196 

that destabilizes the colloidal fraction, leading to sedimentation because of flocculation (Pramanik et al., 2016). The 197 

efficacy of coagulation for removing MPs is estimated at 95% in various studies (Ahmed et al., 2021). Rajala et al. 198 

(2020) and Ma et al. (2019a)  along with others, identified coagulation as effective means for confiscating hydrophobic 199 

pollutants. However, a research gap is relevant to coagulation mechanisms working under different environments 200 

(Monira et al., 2021).  Lange et al. (2021a) recently highlighted the role of gross pollutant trap/forebay, a sedimentation 201 

step often used in stormwater bioretention systems, and concluded it as an appropriate alternate for removing MPs as 202 

well. Combined coagulation with UF coupling can improve the quality of effluent of discharged pollutants. Ma et al. 203 

(2019a) have stated that polyethylene is among the most abundant plastic pollutants, and their removal was estimated 204 

through Fe-based coagulation through ultrafiltration; however, the efficacy of PE particles (<0.5mm) was observed 205 

(13 to 90.9%). They attributed the result to dense floc formation in consort with the high adsorption ability of Fe-206 

based flocks, which were positively charged under neutral conditions.  PE particles are MPs' main constituents and 207 

can easily float/suspend in water. Their effect was studied with Al and Fe-based salts and the result revealed that Al-208 

based salts were more efficacious (40%) in removing PE, which was observed at a high (15 mM) Al-based salt dosage.   209 

Time-consuming methods, high energy consumption, and significant investment restrict such treatment 210 

possibilities. The MST, which is widely used in water purification and other sectors, is known for its dependability, 211 

energy efficiency, and lack of secondary environmental damage  (Wu et al., 2010). Additional heavy metal treatment 212 
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processes exist in addition to chemical precipitation, redox, electrolysis, and membrane penetration   (Heo et al., 2012). 213 

In practice, such sophisticated multi-stage water treatment (membrane filtration followed by primary and secondary 214 

treatment) significantly restricts its broad use. So far, many approaches or materials have been used to overcome this 215 

issue.  216 

Furthermore, Wang et al. recently used a TiO2-based photocatalytic micromotor for microplastic removal (Wang 217 

et al., 2019b). Yifa Chen et al. (2020b) proposed a unique acetone-assisted procedure for the production of numerous 218 

Zr-MOF foam materials, as well as their excellent application in microplastic removal simulation. Though these 219 

approaches have made significant progress toward efficient MP removal, there is still a significant obstacle to 220 

overcome, as each method has its own limitations, such as the inability to handle small MPs or the inapplicability for 221 

large MPs, difficulty in large-scale processing, high energy consumption, or inability to operate in specific 222 

environments. As a result, there is an urgent need to investigate innovative methods for the efficient removal of MPs 223 

in a realistic manner that can be utilized under harsh environmental conditions. 224 

Table S1. Graphene and Mxene-based membranes for removing pollutants 225 

Membr

ane 

type 

Major components 

of membrane 

Membrane surface 

characteristics 

Experimental 

conditions 

Removal 

rate/performanc

e 

Reference 

Graphe

ne 

based 

graphene 

nanofiltration 

membranes 

CCG sheets 

≈22–53 nm thick T 

 well packed layer 

structure formed by 

CCG sheets, 

34 mg of CCG was 

sufficient for making 

square meter 

membrane  

Evaluated on a 

dead-end 

filtration device 

and the pure 

water flux of 

uGNMs were 

high (21.8 L m−2 

h−1 bar−1). 

High retention for 

organic dyes= 

(>99%)  

Moderate 

retention for ion 

salts= (≈20–60%)  

(Han et al., 

2013) 

Graphe

ne 

based 

- supported on a 

ceramic hollow fiber 

prepared by a 

vacuum suction 

method 

At 25 °C and 2.6 

wt % feed water 

content, 

excellent water 

permeation for 

dimethyl 

carbonate/water 

mixtures  

High permeation 

flux (1702 

g m−2 h−1). 

(Huang et al., 

2013) 

Graphe

ne 

based 

Mixing GO with 

Ti3C2Tx. 

lattice period= 14.28 

Å 

interlayer spacing=f 

around 5 Å 

 

pressure-driven 

filtration at 5 bars 

Rejected dye 

molecules (with 

hydrated radii 

above 5 Å)  

Rejection rates: 

 methyl red= 68%  

methylene blue= 

99.5% 

Bengal= 93.5%, 

(Kang et al., 

2017) 
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 brilliant blue 

=100%  

 

Graphe

ne and 

MXene 

based 

GO and MXene. two-dimensional 

(2D) interlayer 

channels  

hydrophilicity 

 (~550 nm)  

GO/MXene mass 

ratio= 1/4  

water flux= 

(71.9 L m−2 h−1 

bar−1)  

 

 Rejection of 

common small 

molecule organic 

dyes (NR, MB, 

CV, BB) = 

exceeds 99.5%,  

 (Liu et al., 

2020c) 

Graphe

ne and 

MXene 

based 

a two-dimensional 

(2D) GO/MXene 

(GM) composite 

lamellar membrane 

lamellar structure  

increased interlayer 

spacing 

 Excellent surface 

wettability to water 

and organic 

solvents. 

 ultrahigh flux for 

pure solvents= 

(21.02, 48.32, 

25.03, 10.76, 

6.18 L/m2h for 

water, acetone, 

methanol, ethanol 

and IPA)  

Outstanding dyes 

molecular 

separation 

performance 

=(over 90%)  

(Wei et al., 

2019) 

Graphe

ne 

based 

Laminated 

graphene oxide 

(GO) 

Branched 

polyethylene-imine 

(BPEI). 

 sonication (>1 h 

duration, 40 kHz 

frequency)  

pH range (2–12). 

Rejection rate of 

methylene blue, 

rose bengal, and 

brilliant blue = 

(>90%)  

(Nam et al., 

2016) 

Graphe

ne 

based  

dopamine-

functionalized 

graphene oxide 

(DGO) intercalated 

into the MXene 

(Ti3C2Tx) 

nanosheets, 

increased 

mechanical stability 

 reduced interlayer 

spacing 

M4 (MXene: 

DGO = 1:2) 

 2 µm thickness of 

functional layer 

 rejection ratio 

98.1% (for Direct 

Red 28) and 

96.1% (for Direct 

Black 38)  

high value of 

water flux (63.5 

Lm−2 h−1)  

(Zeng et al., 

2021) 

Mxene 

based  

covalently cross-

linked Ti3C2TX 

(MXene)/cellulose 

acetate 

(MXene@CA) 

composite 

 10%MXene@CA 

(10:90 wt % of 

MXene:CA)  

High pure water 

flux= ~256.85 L m−2 

h−1 bar−1, 123.28% 

water uptake, and 

69.7% porosity. 

 92% and 98% 

rejection of 

rhodamine B 

(RhB) and methyl 

green (MG), 

respectively. 

(Pandey et al., 

2020) 

MXene 

based  

Ti3C2Tx by etching 

and ultrasonicating 

Ti3AlC2.  

loose lamellar 

structure 

efficient 

permselectivity in 

the separation of 

dyes 

 

 excellent flux 

(115 L m−2 h−1)  

Rejection to 

Congo red dye 

(92.3% at 0.1 

MPa). 

(Han et al., 

2017) 

https://www.sciencedirect.com/topics/materials-science/lamellar-structure
https://www.sciencedirect.com/topics/materials-science/wettability
https://www.sciencedirect.com/topics/chemical-engineering/acetone
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MXene 

based 

Two-dimensional 

(2D) MXene 

(Ti3C2Tx) modified 

with Ag 

nanoparticles 

(Ag@MXene 

AgNP 

loadings=between 

0–35% 

21% Ag@MXene 

have 470 nm 

thickness  

2.1 nm average pore 

size, 

 high rejection 

efficiency for 

organic 

molecules  

excellent flux 

recovery 

Pandey et al. 

(2018) 

 

Graphe

ne 

based  

Graphene Nano channels with 

a narrow size 

distribution (3–

5 nm) 

porous structure and 

significantly 

reduced channel 

length 

 

 - Huang et al. 

(2013) 

 

Graphe

ne 

based 

Graphene oxide highly permeability 

MoS2 nano-

supporting spacer 

among the graphene 

oxide (GO) layers 

 

 water 

permeability 

=10.2 ± 1.68 L/(m
2·h·bar) 

High rejection to 

different charged 

dyes (≥ 95%) 

Zhang et al. 

(2019) 

 

 226 

 227 
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 228 

 229 

Figure S2. FTIR spectra of the original ChGO-300 sponges and the ChGO-300 sponges after adsorbing PS-NH2, PS-230 

COOH, and PS. Reproduced from Sun et al. (2020), Copyright 2018, Elsevier.  231 

232 
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 233 

 234 

 235 

 236 

Figure S3. SEM image of the adsorption of PS-NH2 (a, b, c), PS-COOH (d, e, f), PS (h, i, j) on ChGO-300 sponges  237 

Reproduced from Sun et al. (2020), Copyright 2018, Elsevier. 238 

  239 
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