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Highlights 1 

• Microplastics (MPs) cause adverse effects on aquatic and terrestrial environments. 2 

• Various interactions of MPs with soil quality and ecotoxicological impacts need to be 3 

further studied. 4 

• Management of MPs are essential to achieve United Nations Sustainable Development 5 

Goals. 6 

• Development of standardized methods for analyzing microplastics in soil-plant system is 7 

urgently needed. 8 

9 
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Abstract 10 

Microplastics are emerging contaminants and there has been growing concern regarding their 11 

impacts on aquatic and terrestrial environments. This review provides a comprehensive overview of 12 

the current knowledge regarding the sources, occurrences, fates, and risks associated with 13 

microplastic contamination in terrestrial environments. This contamination occurs via multiple 14 

sources, including primary microplastics (including synthetic materials) and secondary 15 

microplastics (derived from the breakdown of larger plastic particles). Microplastic contamination 16 

can have both beneficial and detrimental effects on soil properties. Additionally, microplastics have 17 

been shown to interact with a wide array of contaminants, including pesticides, persistent organic 18 

pollutants, heavy metals, and antibiotics, and may act as a vector for contaminant transfer in 19 

terrestrial environments. Microplastics and their associated chemicals can be transferred through 20 

food webs and may accumulate across multiple trophic levels, resulting in potential detrimental 21 

health effects for humans and other organisms. Although several studies have focused on the 22 

occurrence and impacts of microplastic contamination in marine environments, their sources, fate, 23 

transport, and effects in terrestrial environments are less studied and not well understood. 24 

Therefore, further research focusing on the fate, transport, and impacts of microplastics in relation 25 

to soil properties, polymer composition and forms, and land-use types is needed. The development 26 

of standardized and harmonized methods for analyzing microplastics in soil-plant ecosystems is 27 

essential. Future work should also consider the many interactions of microplastics with soil quality 28 

and ecotoxicological impacts on biota in the context of global environmental change. 29 

Keywords: contaminants, microplastics, toxicity, soil properties, trophic transfer 30 

 31 
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Polyamide (PA) 43 

Polybrominated diphenyl ether (PBDE) 44 

Polychlorinated biphenyls (PCBs) 45 

Polycyclic aromatic hydrocarbons (PAHs) 46 

Polyester (PES) 47 
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Polyethylene terephthalate (PET) 49 

Polylactic acid (PLA) 50 

Polypropylene (PP) 51 

Polystyrene (PS) 52 

Polyvinyl chloride (PVC) 53 

Ultraviolet (UV) 54 
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56 

1. Introduction 57 

Mass production of plastics began in the 1940s with a plethora of different types being 58 

manufactured (Mitrano and Wohlleben, 2020). Plastic products have gained popularity 59 

worldwide due to their ease of use, durability, and cost-effectiveness (Wijesekara et al., 2018). 60 

Widespread and continuous plastic use across many societal sectors, coupled with their long-61 

lasting nature and low degradability, has caused extensive contamination of the natural 62 

environment with plastic debris (Rillig, 2012). Carpenter (1972) first revealed the presence of 63 

plastic particles in the ocean and documented their potential impacts in the 1970s (Mitrano and 64 

Wohlleben, 2020). Renewed scientific interest in microplastics over the past decade has 65 

demonstrated that they are present in both aquatic and terrestrial environments, while being an 66 

emerging threat to ecosystem functions (Guo et al., 2020). Landfills, urban areas, and beaches 67 

are the most severely contaminated areas, with agricultural ecosystems also being significantly 68 

affected (Ng et al., 2018; Wang et al., 2019). Recently, there have been increased concerns 69 

regarding microplastic contamination of marine ecosystems (Rochman, 2004). However, most 70 

marine microplastic pollution is derived from land, from which 4.8–12.7 metric tons of plastics 71 

are transferred annually to marine ecosystems (Haward, 2018).  72 

Depending on their size, plastic particles are classified as macro- (>5 mm) (Wijesekara et 73 

al., 2018), micro- (1–5 mm), or nanoplastics (< 1 μm) (Bradney et al., 2019a). Microplastic 74 

accumulation in terrestrial environments can occur through primary sources by the direct 75 

addition of microplastics that are manufactured as micrometer-sized particles in multiple 76 

industries (Horton et al., 2017), or secondarily by physical, chemical, and biological 77 

fragmentation of macroplastics (de Souza Machado et al., 2018; Horton et al., 2017). 78 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cost-effectiveness
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Microplastic contamination in soil can occur through multiple sources, including soil 79 

amendments such as biosolids and composts (Bradney et al., 2019a), plastic mulching films 80 

(Boots et al., 2019), materials used in greenhouses, irrigation tools (Bläsing and Amelung, 2018), 81 

municipal solid waste (Galafassi et al., 2019), wastewater treatment plants (Galafassi et al., 82 

2019), tire wear (Kumar et al., 2020), and atmospheric inputs (Dris et al., 2016). It has been 83 

estimated that 63,000 to 430,000 tons of microplastics are released annually to farmlands in 84 

Europe, whereas 44,000 to 300,000 tons are released to farmlands in North America annually 85 

through sewage sludge application (Nizzetto et al., 2016). China alone utilized over 1.4 million 86 

tons of agricultural plastic mulching film in 2017 (Gao et al., 2019). At present, ubiquitous 87 

microplastic contamination in all ecosystem types has become a major global concern (Bank and 88 

Hansson, 2019).  89 

Despite the short-term benefits of using plastic materials, there is now a growing focus on 90 

their long-term effects on soil quality and crop productivity (Qi et al., 2018; Boots et al., 2019). 91 

Microplastics interact with and adsorb inorganic pollutants, including trace elements (Bradney et 92 

al., 2019a) and organic contaminants such as polychlorinated biphenyls (PCBs), dioxins, 93 

dichlorodiphenyltrichloroethane (DDT), and polycyclic aromatic hydrocarbons (PAHs) (Nizzetto 94 

et al., 2016). Because of their surface interactions, microplastics can serve as a vector for 95 

contaminants to be transported within and between different ecosystem compartments (Bank and 96 

Hansson, 2019). Apart from the more obvious environmental concerns related to microplastic 97 

pollution, there is also a risk of food chain contamination and human health consequences due to 98 

terrestrial plastic contamination (Bradney et al., 2019a). Although several papers have been 99 

published recently on different aspects of microplastics in terrestrial environments, to date there 100 

is no holistic ecotoxicological overview focusing on the interrelationships of microplastic 101 
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pollution in plants, micro- and macro-organisms in soil, and their effects on higher animals 102 

including humans. This review summarizes the potential sources of microplastic contamination 103 

in terrestrial environments, their fates, their effects on soil quality, and their ecotoxicological 104 

impacts on plants and other biota. 105 

2. Occurrence and fates of terrestrial microplastics  106 

Microplastics can enter terrestrial ecosystems either directly as primary microplastics, or 107 

indirectly as secondary microplastics (Waldman and Rillig, 2020). Primary microplastics are 108 

manufactured for specific purposes and products including cosmetics, medical applications, 109 

waterborne paints, adhesives, coatings, and electronics. A substantial proportion of primary 110 

microplastics enter terrestrial environments through atmospheric deposition (Allen et al., 2019; 111 

Brahney et al., 2020; Zhang et al., 2020; Evangeliou et al., 2020). In addition, personal care 112 

products, household items, landfills, and application of sludge to agricultural lands also 113 

contribute to primary microplastic deposition in terrestrial ecosystems (Karbalaei et al., 2018).  114 

Secondary microplastics (Waldman and Rillig, 2020) are formed by the fragmentation of 115 

larger plastics into smaller pieces through exposure to ultraviolet (UV) radiation, wind, tillage, 116 

and biological activities, as well as through chemical and mechanical breakdown (Guo et al., 117 

2020; Karbalaei et al., 2018). Plastic mulches, greenhouse materials, soil amendments, irrigation 118 

water, municipal solid waste, atmospheric inputs, indiscriminate disposal in landfills, and 119 

littering are sources of secondary microplastics in terrestrial environments (Fig. 1) (Galafassi et 120 

al., 2019; Bläsing and Amelung, 2018; Bradney et al., 2019b). Nizzetto et al. (2016) reported that 121 

the annual additions of microplastics to agricultural soils in Europe through the application of 122 

sewage sludge and processed biosolids were approximately 125 and 850 tons per million 123 

inhabitants, respectively. Based on the total sludge production in China, Li et al. (2018) 124 
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estimated that the average annual sludge-based environmental microplastic addition was 1.56 × 125 

1014 particles in China. Plastic mulch films, with thicknesses of 6–20 µm, have been widely used 126 

in intensive cultivation systems (Ng et al., 2018), contaminating the soil with their residues in the 127 

field (Steinmetz et al., 2016). Dan et al. (2016) observed a significant positive correlation 128 

between soil microplastic accumulation and numbers of mulching years. Moreover, microplastics 129 

can be transported long distances by wind from surfaces such as landfills and roads, resulting in 130 

atmospheric inputs to terrestrial environments (Bläsing and Amelung, 2018; Rillig, 2012).  131 

 132 

 133 

 Fig. 1. Sources and fates of microplastics in the terrestrial environment (modified from Rillig 134 

and Lehmann, 2020; Kumar et al., 2020). 135 
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Plastic particles that enter the soil surface are incorporated into deep soil layers through 136 

tillage, animal activities such as ingestion and egestion by earthworms, or water infiltration 137 

caused by digging (Rillig et al., 2017; Bläsing and Amelung, 2018; Guo et al., 2020). 138 

Microplastics can be degraded by UV radiation (Sen and Raut, 2015), physical abrasion (Zhu et 139 

al., 2019), thermal oxidation (Benítez et al., 2013), microbial action (Krueger et al., 2015), or 140 

interaction with soil colloids (Ren et al., 2021). The combined effects of these factors can cause 141 

the aging of microplastics; however, each factor operates differently during different times, 142 

seasons, regions, and conditions. For example, light irradiation plays a vital role during the day, 143 

whereas the impact of this factor could be negligible at night (Liu et al., 2021). Moreover, a more 144 

significant effect of temperature on the aging of microplastics might be observed in desert 145 

regions in summer than in polar regions in winter (Liu et al., 2021). During aging, the 146 

physicochemical properties of microplastics, including color, crystallinity, chemical 147 

composition, and surface chemistry are altered (Ren et al., 2021). In addition, multiple chemicals 148 

including phthalates, retardants, stabilizers, pigments, oligomers, and oxygenated products (e.g., 149 

phenols, acetophenones, and carboxylated products) can be released into soil during the aging of 150 

microplastics (Liu et al., 2021). 151 

However, aging of microplastics occurs slowly. For example, synthetic fibers in soil 152 

samples from USA, collected at depths of up to 100 cm, were identified up to 15 years after 153 

sludge application, indicating a long legacy (Zubris and Richards, 2005). The biogenic transport 154 

of microplastics in soil may lead to groundwater pollution, uptake by terrestrial plants, and entry 155 

into terrestrial food webs (Lwanga et al., 2017). Moreover, runoff of microplastics can be a 156 

direct pathway for land-based microplastic contamination of freshwater ecosystems (Ding et al., 157 
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2019; Liu et al., 2019), eventually contributing to marine microplastic pollution (Rochman, 158 

2004).  159 

3. Effects of microplastics on soil properties 160 

3.1 Effects on soil physical properties 161 

When microplastics are deposited on soil surfaces, they can be immediately incorporated into the 162 

soil matrix by external forces, including bioturbation and human activities. This incorporation 163 

can trigger changes in soil structure and texture. In highly polluted soils, visual changes can be 164 

observed in soil structure and composition, largely because commercial polymers tend to be less 165 

dense than common soil particles. Polymer types, forms, and shapes are important features that 166 

can be used to evaluate shifts in soil physical properties due to plastic pollution (Lehmann et al., 167 

2021; Wang et al., 2021). Linear-shaped polymers can blend more homogeneously into the soil 168 

matrix than non-linear polymers, enhancing soil clumping (Rillig et al., 2017a).  169 

The addition of polyester (PES) fibers (0.1, 0.2, and 0.3 %) to soil was associated with 170 

concentration-dependent shifts in soil bulk density, water holding capacity, and water-stable 171 

aggregates (Table 1) (De Souza Machado et al., 2018). The bulk densities of soils contaminated 172 

with high-density polyethylene (HDPE) fragments, PES fibers, polyethylene terephthalate (PET), 173 

polypropylene (PP), and polystyrene (PS) decreased. The formation of water-stable aggregates 174 

significantly decreased in PS- and PES-contaminated soils. In contrast, a study conducted with 0, 175 

0.1, and 0.3 % of soil weight of PES microfibers had negligible effects on soil bulk density, 176 

indicating that very low PES microfiber contamination (<0.3 %) did not have a considerable 177 

impact on bulk density in soil (Zhang et al., 2019). Recent studies have shown both positive and 178 

negative effects of microplastics on soil physical properties (Wang et al., 2021). For example, 179 
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about 72% of plastic fiber particles were associated with soil aggregates and accumulated more 180 

in micro- than in macro-aggregates (Zhang and Liu, 2018). On the other hand, a reduction in the 181 

formation of large aggregates (>2 mm) and increased aggregate stability was observed with the 182 

presence of microfibers in soil. Microplastic films in soil facilitated artificial pore formation and 183 

prevented the formation of large aggregates, whereas microplastic foams promoted the formation 184 

of large aggregates and decreased aggregate stability (Lehmann et al., 2021). Size distributions 185 

and profiles of water-stable aggregates in soil have been shown to be altered by the presence of 186 

microplastics (Boots et al., 2019). The mean weight diameter of water-stable aggregates of soils 187 

without microplastics was greater than those of fiber-, HDPE-, and biodegradable polylactic acid 188 

(PLA)-treated soils. Soil without microplastics exhibited a greater number of macro-aggregates 189 

(>2000 μm) and fewer micro-aggregates ranging from 63 to 250 μm, compared to soils exposed 190 

to HDPE and PLA. The number of micro-aggregates (˂ 63 μm) decreased after each HDPE and 191 

PLA treatment. These results suggest that bonds between micro-aggregates are altered by soil 192 

microplastic contamination (Boots et al., 2019). Furthermore, aggregate size decreased with 193 

increasing concentrations of aggregate-associated plastic fiber, whereas lower concentrations of 194 

films and fragmented plastics were detected in micro-aggregates in arable land throughout 195 

southwestern China (Zhang and Liu, 2018).  196 

Microplastic-enriched micro-aggregates may not tend to form macro-aggregates. 197 

However, in a pot experiment, water-stable macro-aggregates (>2 mm) increased as the 198 

concentration of PES microfibers increased, with the water stability of PES fiber-associated 199 

aggregates being enhanced over several drying and wetting cycles (Zhang et al., 2019). As a 200 

hydraulic effect of microplastics, evapotranspiration increased up to 35% with polyamide (PA) 201 

beads and 50% with PES, indicating that water availability was increased in the presence of 202 
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microplastics. Hence, PES-treated soil demonstrated a significant increase in water-holding 203 

capacity, exhibiting higher water saturation over long periods (De Souza Machado et al., 2019). 204 

Another study showed that fine (<5 µm) PES fibers hindered pores smaller than 30 µm and may 205 

increase water repellency by influencing hydrophobicity (Zhang et al., 2019). Furthermore, the 206 

addition of PES fibers increased the number of macropores (>30 µm). Linear-shaped PES 207 

microfibers facilitated clumping by entangling soil particles, which may result in the formation 208 

of macropores (Zhang et al., 2019). Similarly, the water content of soil treated with film-type 209 

microplastics was lower than that of soil without microplastics (Wan et al., 2019).  210 

Exposure to smaller microplastics accelerated the evaporation of water in soil. In soils 211 

with higher clay contents, evaporation rates were typically higher than those of sandy soils, 212 

likely because plastic particles tend to be larger than clay particles and therefore decrease soil 213 

water conductivity. Additional evaporation occurred when the proportion of microplastics in soil 214 

increased, leading to water shortages in soils. Moreover, microplastic contamination resulted in 215 

desiccation cracking in soils with high clay content, indicating the potential for the migration of 216 

pollutants and nutrients, and also increases in soil permeability. Evaporation likely results in 217 

microplastics altering the soil physical properties, including cohesion, moisture retention, and 218 

root penetration (Boots et al., 2019). Therefore, soil structure and water dynamics can be affected 219 

by certain microplastic types and forms. In contrast, microplastics of similar sizes, shapes, or 220 

chemical compositions exhibit weaker effects on soil structure and water dynamics. Because 221 

microplastics are associated with humic-like substances, their addition may improve soil water 222 

holding capacity, stability, and nutrient availability.  223 

When considering the effects of microplastics on aggregate stability, physical interactions 224 

alone do not account for aggregate alterations and biological effects contributing to soil 225 
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aggregation also need to be considered. Microplastics can affect microbial microhabitats and 226 

likely affect microbial contributions to soil aggregation (Lehmann et al., 2019). For example, 227 

hydrophobins, amphiphilic proteins secreted by fungi, are important for soil hydrophobicity and 228 

aggregate stability; their production may be restricted by microplastics (Rillig, 2005). 229 

Additionally, mispredictions of carbon concentrations in soil matrices can be ascribed to 230 

variations in soil bulk density, driven by the presence of microplastics (Rillig, 2018).  231 

 The above data demonstrate that alterations in soil function associated with microplastics 232 

are driven by their types, forms, and amounts. The changes they produce in soil physical 233 

properties can affect soil biota and other physical and biogeochemical processes in these 234 

ecosystems. However, only a few studies have investigated the effects of microplastics on soil 235 

physical properties; moreover, field studies have not been performed to evaluate environmentally 236 

relevant scenarios. Thus, further research is required to elucidate the effects of microplastics on 237 

the overall structure and function of soils.  238 
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Table 1. Effects of microplastics on soil physical properties 239 

 

Type of polymer 

 

Concentration 

 

Soil 

texture 

 

Duration 

 

Type of study 

(Incubation/ field) 

 

Effect 

 

Ref. 

Polyacrylic fibers, 

Polyethylene high-

density fragments, 

Polyamide beads, 

Polyester fibers 

0.05%, 0.10%, 

0.20%, and 0.40% 

(soil dry 

weight basis) for 

polyamide and 

polyethylene 

 

0.25%, 0. 50%, 

1.00%, and 2.00% 

(soil dry 

weight basis) for 

polyester and 

polyacrylic 

Loamy 

sand 

5 weeks Pot experiment All particles affected soil bulk 

density   

Polyester fibers caused a 

concentration-dependent reduction in 

soil bulk density and water-stable 

aggregates, increasing  

water holding capacity. 

(De Souza 

Machado et 

al., 2018) 

Synthetic HDPE, PLA 0.1 %, Sandy 30 days Pot experiment pH of the soil when exposed to (Boots et al., 
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fibers, High-density 

polyethylene 

(HDPE), Polyacrylic 

(PLA) 

Synthetic 

fibers 0.001 % 

 

clay 

loam 

HDPE was significantly 

lower than when it was exposed to all 

other treatments. Soils in control 

treatments had 24, 35, 

and 28% greater mean weight 

diameters than those in which fibers, 

HDPE, and PLA, respectively, had 

been added. Soil from controls had 

60 and 53% more large 

macroaggregates 

(>2000 μm) than soils with HDPE 

and PLA, respectively. Conversely, 

micro-aggregates (250−63 

μm) were significantly higher  

in soil exposed to all types of 

microplastics when compared to 

control soil.  

2019) 

Polyester microfiber  0, 0.1% and 0.3%  Clay 1 year Field experiment No detectable changes in soil bulk (Zhang et al., 



18 

 

loam  density, soil aggregate size 

distribution, and saturated hydraulic 

conductivity in soils treated with 

different concentrations of 

polyester microfibers (PMFs). A 

significantly higher volume of 

>30 μm pores in the 0.3% PMF 

treatment (21.4%) was observed 

compared to those in the 0.1% PMF 

(11.6%) and non-polyester 

microfiber (10.3%) treatments after 

one year. 

2019) 

Polyester microfiber 0, 0.1% and 0.3% Clay 

loam  

75 days Pot experiment No differences in soil bulk density 

between the polyester microfiber 

(PMF) treatments and the non-

polyester microfiber (NPMF) 

treatment during the incubation 

period. After 75 days of incubation, 

(Zhang et al., 

2019) 
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significantly higher contents of large 

macroaggregates (>2 mm) were 

found in the PMF treatments 

compared to the NPMF (30.8%) 

treatment. In contrast, NPMF 

treatment significantly 

increased microaggregate (0.25–

0.05 mm) and silt+clay (<0.05 mm) 

fractions than the PMF treatments.  

Polyester (PES) 

High-density 

polyethylene 

(HDPE), 

polypropylene (PP) 

polystyrene (PS), and 

polyethylene 

terephthalate (PET) 

PES 0.2 % 

HDPE, PS, PP, PET 2 

% 

Loamy 

sand 

2 months Pot experiment Soil bulk density was 

decreased by PEHD, PES, PET, PP, 

and PS. 

Significant decreases in water-stable 

aggregates were observed in soils 

with PA, PES, and PS. 

All microplastic treatments altered 

soil structure, with the intensity of 

effects depending on the microplastic 

(De Souza 

Machado et 

al., 2019) 
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type. 



21 

 

3.2 Effects on soil chemical properties 240 

Although plastic is generally resistant to degradation in soils, significantly degraded- 241 

microplastic particles are labile and have important chemical interactions with soil particles. 242 

Once microplastics break down into smaller sizes, chemical reactions occur through several 243 

unpredictable and poorly understood mechanisms based on polymer composition and soil type. 244 

For example, after exposure to different types of microplastics for one month, the pH of HDPE-245 

treated soils (6.35±0.14) was slightly lower than that of controls (6.96±0.02), whereas no 246 

significant difference was observed with PLA (Boots et al., 2019). In another study, 247 

contamination of soil with microplastics derived from low-density polyethylene (LDPE) and bio-248 

plastic (1%, w/w) increased soil pH (Qi et al., 2020). Palansooriya et al. (2022a) observed a 249 

significant reduction in pH in soil contaminated with LDPE ≥1% (w/w). On the other hand, 250 

exposure to 1% (w/w) LDPE has not significantly altered soil pH in agricultural soil 251 

(Dissanayake et al., 2022; Palansooriya, 2022b). Exposure to polyethylene microplastics reduced 252 

the pH of an acidic soil, but increased pH in an alkaline soil, indicating that the effect of 253 

microplastics on soil pH could vary depending on soil types (H.-Z. Li et al., 2021). Changes in 254 

soil pH have been shown to affect soil nutrient availability, consequently affecting plant growth 255 

and crop productivity (Wang et al., 2021). On the other hand, residual monomers of PA particle 256 

surfaces have been shown to leach nitrogen into soil, acting as a fertilizer (De Souza Machado et 257 

al., 2019). Similarly, primary polymer-based pellets can release organic phosphite antioxidants 258 

that degrade into organic phosphate in the soil. Carbon in microplastics, which is typically inert, 259 

may influence the microbial availability of carbon in soils and have critical consequences for 260 

biogeochemical carbon cycling.  261 
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The decomposition of plastics (e.g., LDPE) is a time-dependent process, and likely drives 262 

microbial immobilization of nutrients (Rillig et al., 2019). Conversely, carbon in HDPE would 263 

be less likely to undergo biogeochemical alterations in soils. Therefore, microplastics could act 264 

as soil carbon reservoirs, complicating soil carbon storage estimates (Rillig, 2018). Carbon in 265 

microplastics might be confused with carbon stored in the soil by more natural mechanisms; 266 

accordingly, microplastic-driven carbon should be excluded from such estimates to enable 267 

policymakers to predict soil carbon retention properties more realistically.  268 

Dissolved organic matter (DOM) is a critical driver of soil biogeochemical processes, 269 

often mediating overall organic carbon cycles as well as nutrient migration. With higher 270 

microplastic addition, increased nutrient content of DOM was observed in the form of dissolved 271 

organic carbon, dissolved organic nitrogen, dissolved organic phosphorus, nitrate, phosphate, 272 

high molecular weight humic-like substances, and fulvic acid (Liu et al., 2017). Soil organic-273 

matter content, which was assumed to contain plastic mulch residues, was lower than that in bare 274 

soils without mulch residues (Hou et al., 2019). Previous studies did not observe significant 275 

changes in available soil nutrients due to microplastic exposure at environmentally relevant 276 

concentrations (H.-Z. Li et al., 2021). For example, the addition of 0.2% polyethylene 277 

microplastics to soil did not significantly affect dissolved organic carbon, NH+
4-N, and Olsen P 278 

concentrations (H.-Z. Li et al., 2021). On the contrary, a significant increase in NO2
−-N content 279 

but a significant decrease in NH4
+-N content was observed with soil exposure to PLA 280 

microplastics (2% w/w) (Chen et al., 2020). The high proportions of microplastics (28% w/w) 281 

significantly increased dissolved organic carbon, dissolved organic nitrogen, dissolved organic 282 

phosphorus, and PO4
3− concentrations (Liu et al., 2017). In addition, microplastics have been 283 
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shown to alter soil microbial communities, subsequently influencing soil nutrient cycling (Ren et 284 

al., 2021). 285 

Nonetheless, data to develop a comprehensive consensus regarding the overall and 286 

complete effects of microplastics on soil chemical properties remain insufficient. For example, 287 

although it is well-established that microplastics alter soil pH, the mechanisms underlying these 288 

changes remain poorly understood. Hence, both field and laboratory studies on a broad range of 289 

soil and microplastic types are needed, using environmentally relevant concentrations of 290 

microplastics to obtain a clearer picture of their effects on soil properties. Moreover, most of the 291 

current available research data are sourced from laboratory experiments; therefore, more field (in 292 

situ) experiments are needed to further assess the microplastic effects on soils. However, 293 

challenges remain regarding the lack of robust methods for sampling, classification, and analysis 294 

of microplastics in soil (Gong and Xie, 2020). Several analytical methods to assess microplastics 295 

in soil have recently been developed, but an absence of standardized methods (Provencher et al., 296 

2020) hinders the accurate assessment of microplastic effects on soil ecosystems; hence, 297 

comparison between studies is difficult.  298 

3.3 Effects on soil microbial properties  299 

Microorganisms in soil are important in maintaining soil structure, organic matter 300 

decomposition, and nutrient cycling. The spatial distributions of soil microbial (bacterial and 301 

fungal) communities and microbial activities are closely related to soil properties such as organic 302 

matter content, texture, and moisture content in agricultural environments (Naveed et al., 2016; 303 

Rillig et al., 2017b).  304 

Changes in soil habitat are considered to be one of the primary drivers of soil microbial 305 

activity (Zhou et al., 2020). Soil porosity and moisture can be altered by microplastics via 306 
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changing oxygen concentrations. These changes affect the relative abundance of both aerobic 307 

and anaerobic microorganisms (Rubol et al., 2013). De Souza Machado et al. (2018) 308 

demonstrated that multiple microplastic types (PES, polyacrylic, PE, and PA) affected soil 309 

physical environments and increased microbial activity, thereby improving soil aggregate 310 

structure. Indigenous microorganisms may lose their microhabitats due to changes in pore spaces 311 

by microplastics, leading to reduced abundance and biomass (Veresoglou et al., 2015). 312 

Bandopadhyay et al. (2018) suggested that biodegradable plastic mulches altered soil 313 

microclimates and physical structures, affecting the composition of soil microbial communities 314 

by creating new ecological niches. Moreover, soil pH may be changed by the presence of 315 

microplastics, resulting in the alteration of microbial communities. However, the mechanisms 316 

and drivers of soil pH changes caused by microplastic addition are still not well understood 317 

(Khalid et al., 2020). Furthermore, changes in soil enzymatic activities, including those of 318 

urease, fluorescein diacetate hydrolase, phenol oxidase, and catalase, have been observed in the 319 

presence of microplastics (Huang et al., 2019; Liu et al., 2020). Soil microbial function and 320 

community structure can also be affected by microplastic-driven decreases in respiration rates 321 

(Judy et al., 2019).  322 

Several laboratory studies have demonstrated that microplastics can exhibit toxic effects 323 

on yeasts and fungi according to surface charge properties, particle size, salt concentration, and 324 

microorganism species composition (Miyazaki et al., 2014; 2015; Nomura et al., 2016). These 325 

results imply that microplastics may change the distribution and abundance of yeast and fungi in 326 

the field. De Souza Machado et al. (2019) reported that root colonization by arbuscular 327 

mycorrhizal fungi varied according to microplastic type. Conversely, the experimental addition 328 

of microplastics to a mixture of organic waste and soil led to a decrease in archaea and an 329 
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increase in fungal populations, demonstrating the potential effects of microplastics on microbial 330 

community structure (Judy et al., 2019). However, this investigation did not report any effects of 331 

microplastics on the abundances of bacterial 16S rRNA sequences, nitrogen cycle-related 332 

functional genes, and substrate-induced respiration.  333 

Dissolved organic matter in soil derived from microplastics acts as a source of carbon and 334 

also serves as a substrate for soil microorganisms; therefore, changes in DOM may affect 335 

microbial activity and substrate availability (De Souza Machado et al., 2019). Rillig et al. (2018) 336 

reported that microplastic-derived carbon may be perceived as a soil organic carbon source 337 

because of its high carbon content. As soil microorganisms involve in primary decomposition of 338 

organic matter, they may detoxify harmful chemicals including microplastics, which can be 339 

viewed as an ecological “plastisphere” for soil microorganisms (Oberbeckmann et al., 2016). 340 

Plastispheres often exhibit low microbial abundance and high microbial community homogeneity 341 

(Zettler et al., 2013). Vibrionaceae and Pseudoalteromonadaceae were the most common 342 

bacterial taxa on plastic debris that were not detected in the surrounding environment. 343 

Correspondingly, soil microorganisms may play important roles in the transformation of both 344 

macroplastics and microplastics (Helmberger et al., 2020), particularly by contributing to 345 

microplastic degradation (Yuan et al., 2020). For example, Rhodococcus ruber C208, isolated 346 

from mulch film-buried soils, readily colonized PE surfaces and degraded photooxidized PE 347 

(Gilan et al., 2004), demonstrating the enzymatic and genetic basis (Gravouil et al., 2017; Santo 348 

et al., 2013). Brevibacillus borstelensis has been reported to degrade PE (Hadad et al., 2005), and 349 

Comamonas acidovorans TB-35 was shown to use PES polyurethane as a source of carbon by 350 

producing a polyurethane-degrading enzyme (Akutsu et al., 1998). During degradation, enzymes 351 

secreted by microorganisms likely facilitate microbial attachment to microplastic surfaces and 352 
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biodegradation of polymers into hydrophilic, micromolecular intermediates. As a result, the 353 

intermediates are taken up by cells and metabolized, releasing CO2, H2O, and CH4 as the end 354 

products (Nizzetto et al., 2016). 355 

Soil microorganisms may be negatively affected by specific selective pressures caused by 356 

the occurrence and abundance of microplastics, potentially changing diversity, community 357 

structure, and evolution (Rillig, 2018). Nevertheless, the impact of microplastics on soil 358 

microbial properties are still not well understood. Considerable uncertainty regarding 359 

microplastic effects on soil microorganisms still exist due to a lack of information on the 360 

interactions between microplastics and soil organisms. Many scientists have suggested that 361 

microplastics may pose a serious threat to soil organisms by reducing their growth and 362 

reproduction, thereby reducing biodiversity in soils. In contrast, others have reported negligible 363 

effects of microplastics on soil organisms (Lwanga et al., 2016; Rodriguez-Seijo et al., 2017; 364 

Wang et al., 2019).  365 

To improve risk assessments of the impacts of microplastics on soil organisms and 366 

subsequent effects on ecological processes, further research is required to address individual 367 

factors, such as microplastic type, form, and particle size, plant genetic variation, and soil 368 

conditions, and their relationships to soil factors, to systematically evaluate the full suite of 369 

potential consequences in terrestrial environments. Weathered microplastics should be used in 370 

future experimental studies, since weathering changes particle size and surface charge, which 371 

likely affect their uptake and metabolism. Weathering produces smaller particles that are likely 372 

more bioavailable and easily assimilated by organisms, while altered surface charges can affect 373 

microplastic aggregation and dispersion dynamics in organisms (Fu et al., 2019) and changes in 374 

cell toxicity (Kim et al., 2017). The release of chemicals such as additives and microplastic-375 
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derived intermediates by weathering should also be considered to better evaluate their direct and 376 

indirect risks (Liu et al., 2020). Overall, further research on interactions between microplastics 377 

and soil biota will improve our understanding of impacts in both naturally and anthropogenically 378 

influenced environments. 379 

4. Interactions between microplastics and other contaminants  380 

4.1 Interactions with organic contaminants  381 

Microplastics can act as both sources and sinks of organic contaminants. Multiple toxic organic 382 

contaminants can be present in plastics that are released by weathering and degradation in both 383 

terrestrial and aquatic environments. Conversely, microplastics can adsorb and concentrate 384 

organic contaminants on their surfaces while dispersed in soil and aqueous media, serving as a 385 

sink. These bound contaminants can then be transported within and across ecosystems (Bank and 386 

Hansson, 2019), potentially increasing offsite environmental risks.  387 

Several chemicals are intentionally added to plastics during manufacturing to improve 388 

their performance, flexibility, stability, and functionality (Hahladakis et al., 2018). Hazardous 389 

substances including plasticizers, flame retardants, surfactants, solvents, stabilizers, colorants, 390 

and biocides are used as enhancements (Groh et al., 2019; Mandal et al., 2020). Many of these 391 

chemicals are extremely persistent in the environment and harmful to organisms and food webs. 392 

Well-known toxic organic chemicals found in plastic products include PAHs, pesticides, and 393 

PCBs, all of which can be released into soil and aquatic ecosystems. As they are present in 394 

multiple plastic products, phthalate-based plasticizers (e.g., ethylhexyl phthalate, dimethyl 395 

phthalate, diethyl phthalate, di-n-butyl phthalate, benzyl butyl phthalate, bis-2-ethylhexyl 396 

adipate, and di-n-octyl phthalate) are often found in microplastic-contaminated soil, sediment, 397 

water, and sludge. For example, Borges Ramirez et al. (2019) reported a positive correlation 398 
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between the microplastic abundance and phthalate ester compounds in drainage systems and 399 

coastal sediments in Mexico (Table 2). Similarly, tris-(2-chloroethyl)-phosphate, tris (1-chloro-2-400 

propyl) phosphate, and di-(2-ethylhexyl) phthalate were the most dominant plasticizers found in 401 

microplastics collected from the beaches of the Bohai Sea and the Yellow Sea in northern China 402 

(Zhang et al., 2018). Brominated flame retardants (e.g., polybrominated diphenyl ethers (PBDEs) 403 

and 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE)) are another group of toxic additives used 404 

during plastic manufacturing to reduce the flammability of the final product. These chemicals do 405 

not form any bonds with the original polymer and thus can be released over time under altered 406 

chemical conditions in the environment (Sun et al., 2019). Their release from their original 407 

plastic matrix can be slow, but the rate can increase significantly upon the destruction of the 408 

structural integrity of the matrix due to fragmentation, pulverization, wear and tear, and 409 

environmental weathering (Gaylor et al., 2013). Landfills and biosolids, which are known 410 

microplastic hotspots, are critical non-point sources of plastic-derived persistent chemical 411 

contamination by substances including brominated flame retardants (McGrath et al., 2017) and 412 

per- and polyfluoroalkyls (Hepburn et al., 2019). 413 

When microplastics act as sinks, their physicochemical characteristics govern the fates, 414 

transformation, transport, and bioavailability of organic contaminants. Specifically, the 415 

hydrophobicity of microplastic surfaces plays a key role in the adsorption behavior of 416 

contaminants, because additive and plasticizer chemicals added in plastics are predominately 417 

hydrophobic (Kwon et al., 2017). This adsorption of organic contaminants is empirically 418 

expressed as the partition or adsorption coefficient at equilibrium, where the diffusion of 419 

chemicals within the microplastic interior is often the rate-limiting factor. This diffusion is 420 
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equally important during the transfer of organic contaminants from water to microplastics and 421 

vice versa (Kwon et al., 2017).  422 

Numerous studies have investigated the adsorption of organic contaminants by 423 

microplastics. Wang et al. (2015) reported strong adsorption of phenanthrene and nitrobenzene 424 

by PS micro(nano)plastics of various sizes (50 nm to 170 µm) with log Kd values of 3.07–4.20 425 

and 1.58–3.14, respectively. Hydrophobic partitioning was the primary mechanism driving 426 

phenanthrene and nitrobenzene adsorption, and smaller plastic particles had higher log Kd values. 427 

However, a deviation in the effect of particle size on adsorption of organic contaminants was 428 

observed due to the rapid aggregation of nanoplastic particles, reducing the effective surface area 429 

available for contaminant adsorption (Wang et al., 2019). Microplastic chemistry, particularly 430 

polymer structure and molecular composition, also affects the adsorption of persistent organic 431 

pollutants. The adsorption of perfluorooctanesulfonamide on microplastics followed the 432 

sequence of PE > polyvinyl chloride (PVC) > PS, according to their chemical compositions 433 

(Wang et al., 2015). The most prevalent adsorption property was primarily hydrophobic, with 434 

greater Kd values for perfluorooctanesulfonamide than for perfluorooctanesulfonate for all three 435 

microplastic types. Because perfluorooctanesulfonate contains an anionic sulfonate, its 436 

adsorption was influenced by solution pH and its overall ionic strength. In contrast, these effects 437 

were negligible for perfluorooctanesulfonamide, where only the hydrophobic interaction 438 

governed adsorption. The adsorption of perfluorooctanesulfonate increased at lower pH and 439 

higher electrolyte concentration because of the partial involvement of electrostatic attraction and 440 

hydrophobic interaction (Wang et al., 2015). 441 

Microplastics can also adsorb hydrophilic organic contaminants, which can be attributed 442 

to the surface formation of oxygen-containing functional groups. For example, Liu et al. (2019) 443 
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reported that aging of microplastics by UV light significantly oxidized PS and PVC surfaces, 444 

creating minuscule localized cracks that subsequently enhanced the adsorption of the polar 445 

contaminant ciprofloxacin, compared to that of the pristine microplastics. Electrostatic 446 

interactions, intermolecular hydrogen bonding, and partitioning were identified as the dominant 447 

hydrophilic mechanisms for ciprofloxacin adsorption. Because electrostatic attraction was 448 

involved in adsorption, pH changes in the solution changed the extent of ciprofloxacin 449 

adsorption because the adsorbate molecular charge changed (i.e., pKa value) as a function of pH 450 

(Liu et al., 2019). 451 

Adsorbed contaminants can be desorbed from microplastics under varying environmental 452 

conditions, including changes in pH, temperature, and ionic strength. Microplastics coated with 453 

organic pollutants can be ingested by aquatic organisms (Duis and Coors, 2016). The chemical 454 

gut environment after ingestion can also enhance release of organic contaminants, thereby 455 

increasing their bio-accessibility. For example, Bakir et al. (2014) reported that in the presence 456 

of a gut surfactant under simulated gut conditions, increased temperature enhanced the release of 457 

adsorbed DDT, phenanthrene, perfluorooctanoic acid, and di-2-ethylhexyl phthalate from PVC 458 

and PE microplastics, indicating a greater bio-accessibility of these plastic-derived contaminants 459 

for warm-blooded than for cold-blooded organisms. The presence of gut surfactant resulted in a 460 

nearly 30-fold increase in the desorption of organic contaminants over that in normal seawater 461 

conditions (Bakir et al., 2014). 462 

In summary, microplastics can serve both as sources and sinks of organic contaminants in 463 

the environment. The release of parent organic chemicals from microplastics is diffusion-limited, 464 

with weathering and structural damage enhancing release rates. The strong affinity of 465 

microplastics for organic contaminants simultaneously enables them to concentrate these 466 
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contaminants on their surfaces and transport them offsite, acting as a “Trojan horse.” The 467 

physicochemical characteristics of particles and solution chemistry govern the binding of 468 

contaminants, greatly influencing their bioavailability and bio-accessibility to target organisms. 469 
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Pollutant 

Type 

Pollutant 

concentration 

Microplastic 

category 

Microplastic 

concentration 

Microplastic 

size  

Microplastic 

shape  

Effect References 

Phthalate 

esters 

1.96–21.7 µg/g Not specified 76–472 

items/m2 

0.3–5 mm Fibers, chips, 

and 

fragments 

Di-2-ethylhexyl phthalate 

and di-n-octyl phthalate 

were most frequently 

detected. 

A positive correlation was 

observed between 

microplastic abundance 

and phthalate ester 

concentrations in marine 

coastal and urban channel 

areas in Mexico. 

Borges 

Ramirez et 

al., 2019 

Organophos

phorus 

OPE: 0–84.6 

µg/g 

Polystyrene, 

polyethylene, 

5–1090 

items/kg of 

<1–5 mm Pellets, 

fragments, 

Tris-(2-chloroethyl)-

phosphate, tris (1-chloro-

Zhang et al., 

2018  

Table 2. Interactions of microplastics with organic pollutants 
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 470 

 471 

esters 

(OPEs) and 

phthalic 

acid esters 

(PAEs) 

PAE: 0–80.4 

ng/g 

and 

polypropylen

e 

sediment flakes, and 

foams 

2-propyl) phosphate and 

di-(2-ethylhexyl) phthalate 

were the most abundant 

compounds found. 

Polybromin

ated 

diphenyl 

ethers 

(PBDEs) 

and 1,2-

bis(2,4,6-

tribromophe

noxy)ethane 

(BTBPE) 

 Acrylonitrile 

butadiene 

styrene 

   Leaching rates of 

brominated flame 

retardants from 

microplastic pellets made 

of acrylonitrile butadiene 

styrene were controlled by 

their diffusion within the 

plastic matrix. 

 

 



 

34 

 

4.2 Interactions with inorganic contaminants  472 

The interactive and cumulative effects of different microplastic types are emerging themes 473 

within this sphere of environmental research (Wang et al., 2019b). Due to their larger surface 474 

areas and hydrophobicity, microplastics can absorb harmful chemicals from soil solutions to 475 

concentrate them locally (Rillig, 2012). Microplastics can interact with metals through direct 476 

physical adsorption, binding to charged sites or neutral regions, and coprecipitation and 477 

adsorption onto hydrous oxides (Bradney et al., 2019). If chemicals retained by microplastics are 478 

transferred through trophic levels, microplastics can act as a vector for these chemicals in 479 

terrestrial environments, making them bioavailable to soil organisms. However, microplastics 480 

play a negligible role as a vector compared to natural granular materials due to their low 481 

abundance in terrestrial environments, leading to dilution, competitive sorption, and other 482 

mitigations (Hartmann et al., 2017; Hüffer et al., 2019). Therefore, there is considerable 483 

uncertainty regarding the extent to which microplastics influence pollutant effects. 484 

As microplastics undergo degradation when exposed to UV radiation and 485 

microorganisms under oxidative conditions, changes in their surface area and molecular polarity 486 

may affect their adsorption of contaminants (X. Wang et al., 2021). The polymeric chains of 487 

microplastics are broken with aging, resulting in increased surface roughness, oxygen-containing 488 

functional groups, and surface area (Ren et al., 2021). Thus, microplastic aging may pose a 489 

substantial threat to the terrestrial ecosystems via their increased adsorption capacity for multiple 490 

pollutants, including heavy metals and metalloids. 491 

 492 
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Contrarily, DOM enrichment triggered by microplastic addition can contribute to 493 

decreased soil adsorption of contaminants. Therefore, the accumulation of DOM mobilizes 494 

several soil contaminants, affecting their toxicity and bioavailability (Liu et al., 2017). Fulvic 495 

acid-like materials derived from DOM can facilitate the migration and bioavailability of heavy 496 

metals by serving as their carriers. 497 

Heavy-metal contamination is prevalent across urban and agricultural soils; however, 498 

only a few studies have addressed the effects of metal sorption on microplastics. When 499 

considering the simultaneous presence of both heavy metals and microplastics as contaminants, 500 

their geochemical interactions may lead to unpredictable behaviors in soil environments. This 501 

process also poses an emerging threat since heavy metals bound to microplastics can be released 502 

into the surrounding environment.  503 

When both soil and microplastics (HDPE) co-occur in a mixture, the level of Zn on the 504 

microplastics was lower than that absorbed by soil (Hodson et al., 2017). Although Zn binds to 505 

microplastics, a significant amount is readily desorbed compared to that bound in soil. 506 

Correspondingly, the addition of HDPE minimized the adsorption of Cd in soils (dilution effect), 507 

which can be attributed to its hydrophobic surface with simpler characteristics than those of soil 508 

surfaces (Zhang et al., 2020a). In addition, the effect of microplastics on heavy-metal absorption 509 

by soil varies substantially and depends on size, dose, time of exposure, and soil pH. Cd 510 

absorption by soil decreased with increasing microplastic size and dose; moreover, an increase in 511 

pH led to significant increases in Cd absorption by soil, suggesting more complex surface 512 

properties. Hence, a reduction in pH driven by microplastic addition may elevate the labile form 513 

of certain heavy metals. The highly crystalline features of microplastics can account for their 514 

lower absorption capacities relative to those of soils, although the desorption of Cd from a soil–515 
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microplastic mixture is correlated with the size and dose of the microplastics. Moreover, the 516 

aging induced by ultraviolet radiation likely leads to surface modification that further alters the 517 

absorptive capacities of soils and microplastics.  518 

However, it has been reported that metals added during microplastic manufacturing are 519 

the primary source of heavy metals transported by microplastics (Wang et al., 2017). In addition, 520 

alkaline components of microplastics play a vital role in heavy metal adsorption. Heavy-metal 521 

adsorption can vary with microplastic physical and chemical properties. Hence, plastic type is 522 

less important in heavy-metal adsorption than physicochemical properties (Bradney et al., 2019). 523 

Field monitoring data revealed that microplastic heavy-metal content was proportional to heavy-524 

metal soil pollution (Zhou et al., 2019). Furthermore, metal content of microplastics was 525 

correlated with soil particle number. Consequently, heavy metals absorbed by microplastics can 526 

have adverse effects on soil organisms, which can further facilitate the availability of heavy 527 

metals throughout the food web. Hence, further studies are needed to identify the long-term 528 

stability and bioavailability of heavy metals that are transported by microplastics.  529 

 530 

5. Ecotoxicological impacts of microplastics on terrestrial plants and other 531 

organisms 532 

5.1 Impacts on terrestrial plants 533 

The potential impacts of microplastics on terrestrial plants are not well understood, and related 534 

research findings are currently insufficient (Wang et al., 2020). In general, microplastics in soil 535 

can induce changes in properties such as moisture, density, structure, and nutrient content, which 536 

may in turn alter plant root characteristics, growth, and nutrient uptake (De Souza Machado et 537 

al., 2019; Qi et al., 2018; Rillig et al., 2019). Studies have demonstrated that microplastics 538 
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impact wheat (Triticum aestivum) (Qi et al., 2018), spring onion (Allium fistulosum) (De Souza 539 

Machado et al., 2019), cress (Lepidium sativum) (Bosker et al., 2019), and faba bean (Vicia faba) 540 

(Jiang et al., 2019). These results suggest that plant responses are dependent on species, soil, and 541 

microplastic properties.  542 

The accumulation of microplastics in plants may hinder cell–cell contacts or block cell-543 

wall pores, restricting the transport and absorption of essential nutrients (Asli and Neumann, 544 

2009; Ma et al., 2010). PS microplastics damaged Vicia faba, i.e., growth retardation and 545 

genotoxic impairment, when a large amount of them (~100 nm) accumulated in roots (Jiang et 546 

al., 2019). A recent study on Lepidium sativum (cress) revealed that the accumulation of 547 

microplastics on seed capsules (~4.8 μm) significantly decreased the germination rate after 8 h of 548 

exposure (Bosker et al., 2019). A significant difference in root growth was also reported in the 549 

same study upon microplastic exposure for 24 h. The effects of microplastics on vascular plants 550 

remain ambiguous, and research with clear evidence remains limited. A few studies have 551 

revealed considerable impacts of microplastics on plants such as Allium fistulosum (spring onion) 552 

(de Souza Machado et al., 2018), Lolium perenne (perennial ryegrass) (Boots et al., 2019), and 553 

Triticum aestivum (wheat) (Qi et al., 2018). De Souza Machado et al. (2019) observed that 554 

microplastics (PES fibers, polyamide beads, PE, PES terephthalate, PP, and PS) altered the 555 

characteristics of spring onion (Allium fistulosum), including root and leaf traits; total biomass; 556 

and leaf composition, such as nitrogen content and the carbon-to-nitrogen (C:N) ratio. They 557 

proposed a casual model for the effects of microplastics in terrestrial ecosystems; microplastics 558 

occur in a cascade of shifts in the biophysical environment of soil, which affects onion growth. 559 

In contrast, Judy et al. (2019) observed that the addition of microplastics (HDPE, PET, and PVC) 560 

produced no significant negative effects on seedling emergence and wheat biomass production. 561 
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These results indicate that additional research is required to assess the microplastic impacts on 562 

plants and their relationships with soil ecosystems. In another study, the type of plastic mulch 563 

film was found to significantly affect wheat growth; compared to those derived from LDPE, 564 

microplastics from starch-based plastic mulch films (37.1% pullulan, 44.6% PET, and 18.3% 565 

polybutylene terephthalate) exhibited strong negative effects on wheat during both vegetative 566 

and reproductive growth (Qi et al., 2018). Only a few studies have reported the impacts of 567 

microplastics on plants and in vivo transport (Zhou et al., 2020). The interactions among 568 

microplastic characteristics (type, concentration, and source), soils, and plants remain largely 569 

unknown. Therefore, further research is needed to understand the response mechanisms of 570 

various crops to address the knowledge gaps pertaining to the impacts of microplastics on plants. 571 

Moreover, microplastic accumulation in plants can pose risks to terrestrial organisms through 572 

trophic transfer (Kumar et al., 2020). Therefore, it is important to focus future research efforts on 573 

how microplastic pollution affects local food webs.  574 

5.2 Ecotoxicological impacts on invertebrates and vertebrates 575 

Soil organisms, such as earthworms, mites, and collembola, are essential for the maintenance of 576 

soil quality and proper ecosystem functioning. However, microplastics can pose a major threat to 577 

these organisms (Qi et al., 2020). Multiple factors, including type, size, form, shape, color, 578 

density, abundance, physical behavior, chemical composition, aging, and biological interactions, 579 

affect microplastic ecotoxicity (Wright et al., 2013). For instance, it has been hypothesized that 580 

smaller microplastics are more toxic than larger ones, because the former may cause interior 581 

abrasions and obstructions in organisms. Smaller microplastics may pass through the protective 582 

cell wall and cell membrane, resulting in harmful organismal effects (Wu et al., 2021). 583 
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Moreover, microplastic ecotoxicity varies by plastic type depending on their chemical 584 

composition (Zimmermann et al., 2020). As most of the additives included in plastics are bound 585 

through weak van der Waals forces, they can leach into the environment during aging, posing 586 

toxic effects to the organisms (Zimmermann et al., 2020). In many cases, soil biota uptake 587 

microplastics as food, inducing a decrease in carbon biomass ingestion that can lead to energy 588 

depletion, inhibited development, and even mortality (da Costa et al., 2016).  589 

Soil animals may play a vital role in microplastic movement and distribution. 590 

Earthworms can transport microplastics in soils through adhesion and excretion, causing smaller 591 

microbeads to migrate largely downward in the soil profile (Rillig et al., 2017). Rodriguez-Seijo 592 

et al. (2017) observed that there was no significant effect on the survival, reproduction, and 593 

growth of earthworms in soil exposed to 0–1000 mg/kg of polyethylene pellets after 28 days of 594 

exposure. In this study, a maximum 1000 mg/kg microplastic loading was tested due to its 595 

ecological relevance (Rodriguez-Seijo et al., 2017). However, they observed gut damage in 596 

earthworms after exposures to as little as 125 mg/kg of microplastics. Histopathological damage 597 

was observed at a concentration as low as 62.5 mg/kg, which could be more severe at higher 598 

concentrations (Rodriguez-Seijo et al., 2017). Wang et al. (2019) found that the oxidative stress 599 

in earthworms (Eisenia fetida) caused by microplastics had no clear pattern; they suggested that 600 

soil microplastics may have negligible effects on earthworm fitness and hydrophobic 601 

contaminant bioaccumulation. Trestrail et al. (2020) found that microplastic ingestion by 602 

invertebrates disrupted redox homeostasis, as the ingested microplastics can cause oxidative 603 

stress and trigger antioxidant upregulation in these organisms. Moreover, C. elegans exposed to 604 

nano- and micro-PS displayed size-dependent neurotoxicity in cholinergic and GABAergic 605 

neurons, as well as oxidative damage (Lei et al., 2018a). Furthermore, earthworms exposed to 606 
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soil with 2% PS microplastic exhibited a mortality rate of approximately 40% (Cao et al., 2017). 607 

Nevertheless, Zhou et al (2020), reported that 2% microplastic contamination is extremely high 608 

and unlikely to be environmentally relevant.  609 

Microarthropods can transport and distribute microplastics in soil and improve certain 610 

predator–prey relationships (Zhu et al., 2017). For example, mites can scrap, chew, and distribute 611 

microplastics (Maaß et al., 2017). Zhu et al. (2018) observed that oribatid mites transport 612 

microplastics up to 9 cm, changing soil moisture and structure. Moreover, abnormal lipid 613 

metabolism in mice was observed at the cellular level through physiological and biochemical 614 

indicators. The modulation of mouse hepatic triglyceride and total cholesterol upon exposure to 615 

multiple sizes of microplastics was investigated (Deng et al., 2017). Oxidative stress was found 616 

to be the key toxic effect; after exposure, hepatic oxidative stress was detected using superoxide 617 

dismutase, catalase, and glutathione peroxidase biomarkers (Deng et al., 2017). Metabolites 618 

related to oxidative stress were detected in the serum of the mice. Furthermore, the presence of 619 

microplastics may aggravate the toxicity of other environmental pollutants (Browne et al., 2013; 620 

Deng et al., 2018), and microplastics adhering to the organisms’ exterior surfaces may hamper 621 

their movement (Kim and An, 2019). 622 

Although studies supporting the potential health risks and accumulation of microplastics 623 

in terrestrial animal tissues are scarce, these risks should not be overlooked, particularly given 624 

the increasing stockpile of environmental plastic waste (Jambeck et al., 2015). Microplastics can 625 

transfer from lower (prey) to higher (predators) trophic levels in food webs (Guo et al., 2020). 626 

When the time consumed from ingestion to egestion is less than the retention time of 627 

microplastics in the organs of prey, microplastics are ingested and concentrated by predators 628 

(Guo et al., 2020). Consequently, biomagnification can occur in natural food webs in terrestrial 629 
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ecosystems (Guo et al., 2020). Microplastics ingested by micro- and mesofauna resulted in food-630 

chain contamination (Rillig, 2012), indicating potential adverse health effects on humans and 631 

other organisms (Li et al., 2020). Microplastic accumulation in tissues may induce multiple 632 

adverse effects, including neurological damage, oxidative stress, and changes in membrane 633 

permeability, energy metabolism, antioxidative capacity, and histology (de Souza Machado et 634 

al., 2018).  635 

At present, there are a limited number of studies on the effects of microplastics on 636 

humans. Microplastics can enter into the human body via inhalation of PM 2.5, dermal exposure, 637 

and direct ingestion through drinking water or diet (Zhou et al., 2020). Table salt, tea bags, sea 638 

food, milk, and honey have been identified as major sources of microplastics that contaminate 639 

human diets (Zhang et al., 2020b). In a study conducted to assess the abundance of microplastics 640 

in 39 different brands of table salt in 16 countries of the world, microplastic concentrations 641 

varied between 0 and 1674 particles/kg; salts produced in Asian countries had higher 642 

concentrations (Kim et al., 2018). Moreover, it has been estimated that approximately 2.3 million 643 

micro-sized particles are released when one cup of tea is prepared using one tea bag (Hernandez 644 

et al., 2019). Lwanga et al. (2017) observed microplastic concentrations of 0.87 ± 1.9 particles/g 645 

in soil, 14.8 ± 28.8 particles/g in earthworm casts, and 129.8 ± 82.3 particles/g in chicken feces, 646 

indicating the trophic transfer of microplastics through the food chain.  647 

Gaylor et al. (2013) demonstrated that earthworms ingested biosolids or polyurethane 648 

foam, leading to the accumulation of PBDE in their bodies. PBDE is used as a flame retardant 649 

and is toxic to humans as well. This study demonstrated that microplastic additives may be 650 

released in the environment and affect terrestrial organisms and humans. However, the release of 651 

toxic chemicals from microplastics in terrestrial ecosystems, as well as their combined and all-652 
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time toxicities, are not well understood. These knowledge gaps and challenges regarding the 653 

health risks of microplastics must be addressed in future research. Therefore, it is essential to 654 

assess the interactive and synergistic toxic effects of microplastics in conjunction with those of 655 

other pollutants on terrestrial biota, including humans. 656 

 657 

6. Management of microplastics in terrestrial environments 658 

Considering the risks associated with the microplastic pollution in soils, it is essential to 659 

focus on management and remediation of microplastic contaminated environments. Even though 660 

research on ecological and health risk associated with microplastics pollution is being widely 661 

performed throughout the world, there is a lack of focus on mitigation and remediation strategies 662 

(Zhou et al., 2020).  663 

Landfilling has been employed as the end of plastic wastes. However, this requires a 664 

large space which ultimately result in severe environmental impacts and effects through 665 

contamination of the surrounded area (Narancic et al., 2020). Development of proper plastic 666 

waste management practices, reduction of plastic usage, and reuse and recycling of plastics are 667 

considered to be the best possible strategies for the mitigation of soil microplastic pollution 668 

(Bhatt et al., 2021; Yuan et al., 2021b). Mechanical recycling has been identified as the most 669 

economical method for recycling plastics (Gopinath et al., 2020); it includes collection, washing, 670 

sorting according to plastic type, grinding into smaller fragments, and remolding (Narancic et al., 671 

2020). However, separation of plastic waste from other solid wastes is plagued by significant 672 

challenges (Armenise et al., 2021). In addition, tertiary recycling technologies, such as 673 

depolymerization, plasma-arc gasification, and pyrolysis have garnered interest for use at 674 

commercial scales (Armenise et al., 2021). Nevertheless, it is difficult to convert the whole mass 675 
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of plastic into reusable products in the recycling process; moreover, the durability of recycled 676 

products tends to be lower than that of the original products (Gopinath et al., 2020). 677 

Advanced and efficient catalytic conversion methods for upcycling of plastic waste may 678 

increase profitability and environmental sustainability (Li et al., 2021). Hence, governments 679 

should implement and promote these upcycling technologies in waste-management programs 680 

(Yuan et al., 2021b). Mixing of waste plastics with concrete has been demonstrated to improve 681 

concrete properties (Gopinath et al., 2020; Hama and Hilal, 2017).  682 

Pyrolysis of plastic waste, which degrades high-molecular-weight plastic polymers into 683 

lighter liquid hydrocarbons (fuels), gaseous hydrocarbons, and char under oxygen depleted 684 

conditions, is another promising approach to minimize plastic pollution (Miandad et al., 2016; 685 

Wang et al., 2021). This could be achieved through thermal pyrolysis, in which high temperature 686 

and pressure are applied to plastic waste, or catalytic pyrolysis, in which a catalyst is used to 687 

increase degradation efficiency and reduce energy requirements (Gopinath et al., 2020). 688 

Copyrolysis of plastic waste through blending with other organic biomass, such as crop residue 689 

and animal manure, has been identified as a viable method for waste valorization (Rathnayake et 690 

al., 2021; Rentizelas et al., 2018; Sanchez-Hernandez et al., 2021; Singh et al., 2021). Biochar 691 

has been identified as a potential material for the immobilization of organic contaminants in soil 692 

and water (L. Wang et al., 2021; Yuan et al., 2021a). Owing to the organic nature of 693 

microplastics, biochar could be useful in the removal of microplastics from soil and water (Wang 694 

et al., 2021). 695 

At present, there is extensive interest in bioplastics as an environmentally friendly 696 

solution and alternative for traditional plastics (Narancic et al., 2018). Even though bioplastics 697 
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are produced from biomass, their biodegradability depends on the chemical structure of the 698 

polymer (Bhatt et al., 2021).  699 

Life-cycle assessment (LCA) is an effective tool for evaluating the environmental 700 

impacts of materials or processes (Davidson et al., 2021; Ye et al., 2017; Yuan et al., 2021c). 701 

LCA of plastic waste management technologies can be used to compare waste-management 702 

strategies to identify environmentally sound solutions. Adopting the best strategies identified 703 

through LCA could reduce the risks associated with microplastics in the environment. 704 

Consequently, this will help to achieve the United Nations Sustainable Development Goals (UN 705 

SDGs), including SDG 3, “Good health and wellbeing;” SDG 6, “Clean water and sanitation;” 706 

SDG 15, “Responsible consumption and production;” SDG 14, “Life below water;” and SDG 15, 707 

“Life on land” (Sarkar et al., 2021). 708 

The initiation of more stringent policies, coupled with the combined action of all 709 

stakeholders, is essential to reduce improper disposal of plastic waste and ensure a sustainable 710 

future (Kumar et al., 2020). Although the mitigation of plastic pollution is urgently needed, there 711 

remains a lack of the knowledge necessary for implementing mitigation decisions. Therefore, it 712 

is essential to initiate global monitoring of plastic pollution that considers the plastic waste trade 713 

concomitantly with environmental biomonitoring (Bank et al., 2021).  714 

7. Conclusions  715 

Microplastics can enter terrestrial ecosystems through a multitude of pathways and from a wide 716 

array of sources. They can accumulate in soil, producing both beneficial and detrimental effects 717 

on its physical, chemical, and biological properties. Furthermore, microplastics interact with 718 

multiple persistent organic pollutants, heavy metals, antibiotics, and other toxic chemicals, 719 

potentially harming soil ecosystem health and biota.  720 
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Currently, there are no standardized protocols for the extraction and quantification of soil 721 

microplastics. Hence, it is essential to develop precise, feasible, and reproducible methods for 722 

their extraction and quantification in soil ecosystems considering a wide array of particle sizes, 723 

polymer types, and forms. Moreover, the microplastic characteristics in terrestrial environments, 724 

their ecological effects, and their underlying mechanisms have not been adequately explored. 725 

Further studies are essential for understanding the effect of microplastic soil contamination on 726 

plant performance and crop productivity in agricultural environments. Since microorganisms 727 

play an important role in the degradation of microplastics in soil, it is essential to understand 728 

their roles in degradation. After microplastics enter the terrestrial environment, their trophic 729 

transfer (along with that of their associated contaminants) through the food web can potentially 730 

affect both human and ecosystem health. Thus, it is important to examine the bioavailability and 731 

bioaccumulation of microplastics in terrestrial biota, while considering the potential for both 732 

direct and indirect effects. At present, the scientific community mainly raises concerns about the 733 

identification, quantification, and impact assessment of plastics in terrestrial ecosystems. 734 

However, these issues are increasing because of continuous, worldwide mismanagement of 735 

plastic wastes. Therefore, technological breakthroughs are urgently needed to foster 736 

environmentally friendly and economically sound plastic waste management strategies. 737 

Scientists, policymakers, and the public must collaborate to help mitigate the 738 

accumulation of microplastics in terrestrial environments by implementing international policies 739 

and legislation designed to minimize microplastic pollution. The development of proper waste 740 

management strategies can reduce the risks associated with microplastic contamination in 741 

terrestrial ecosystems. Hence, all governments need to ensure the implementation of policies 742 

related to sustainable plastic waste management while integrating technological developments in 743 
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plastic waste management strategies and investing in the infrastructure development needed for 744 

sustainable plastic waste management to achieve sustainable development. 745 

 746 

Acknowledgments: This work was carried out with the support of the Cooperative Research 747 

Program for Agriculture Science and Technology Development (Project No. PJ01475801) from 748 

Rural Development Administration, the Republic of Korea. This work was also supported by a 749 

National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) 750 

(No. 2021R1A2C2011734). This research was supported by the Basic Science Research Program 751 

through the National Research Foundation of Korea (NRF), funded by the Ministry of Education 752 

(NRF-2021R1A6A1A10045235). Binoy Sarkar was supported by the Lancaster Environment 753 

Centre Project. 754 

 755 

References 756 

Akutsu, Y., Nakajima-Kambe, T., Nomura, N., Nakahara, T., 1998. Purification and properties 757 

of a polyester polyurethane-degrading enzyme from Comamonas acidovorans TB-35. Appl. 758 

Environ. Microbiol. 64, 62–67. https://doi.org/10.1128/aem.64.1.62-67.1998 759 

Al, L. et, 2014. Preface, Reviews of Environmental Contamination and Toxicology. 760 

https://doi.org/10.1007/978-3-319-01327-5 761 

Asli, S., Neumann, P.M., 2009. Colloidal suspensions of clay or titanium dioxide nanoparticles 762 

can inhibit leaf growth and transpiration via physical effects on root water transport. Plant, 763 

Cell Environ. 32, 577–584. https://doi.org/10.1111/j.1365-3040.2009.01952.x 764 

Bank, M.S., Hansson, S. V., 2019. The Plastic Cycle: A Novel and Holistic Paradigm for the 765 

Anthropocene. Environ. Sci. Technol. 53, 7177–7179. 766 



 

47 

 

https://doi.org/10.1021/acs.est.9b02942 767 

Bank, M. S., Swarzenski, P. W., Duarte, C. M., Rillig, M. C., Koelmans, A. A., Metian, M.,  768 

Wright, S., Provencher, J. F., Sanden, S., Jordaan, A., Wagner, M., Thiel, M., and Ok, Y. S. 769 

2021. Developing a global microplastic pollution observation system to aid policy. 770 

Environmental Science & Technology 55, 7770-7775. 771 

https://doi.org/10.1021/acs.est.1c00818 772 

Bakir, A., Rowland, S.J., Thompson, R.C., 2014. Enhanced desorption of persistent organic 773 

pollutants from microplastics under simulated physiological conditions. Environ. Pollut. 774 

185, 16–23. https://doi.org/10.1016/j.envpol.2013.10.007 775 

Bandopadhyay, S., Martin-Closas, L., Pelacho, A.M., DeBruyn, J.M., 2018. Biodegradable 776 

plastic mulch films: Impacts on soil microbial communities and ecosystem functions. Front. 777 

Microbiol. 9, 1–7. https://doi.org/10.3389/fmicb.2018.00819 778 

Benítez, A., Sánchez, J.J., Arnal, M.L., Müller, A.J., Rodríguez, O., 2013. Abiotic degradation of 779 

LDPE and LLDPE formulated with a pro-oxidant additive. Polym. Degrad. Stab. 98, 490–780 

501. https://doi.org/10.1016/j.polymdegradstab.2012.12.011 781 

Bläsing, M., Amelung, W., 2018. Plastics in soil: Analytical methods and possible sources. Sci. 782 

Total Environ. 612, 422–435. https://doi.org/10.1016/j.scitotenv.2017.08.086 783 

Boots, B., Russell, C.W., Green, D.S., 2019. Effects of Microplastics in Soil Ecosystems: Above 784 

and below Ground. Environ. Sci. Technol. 53, 11496–11506. 785 

https://doi.org/10.1021/acs.est.9b03304 786 

Borges Ramirez, M.M., Dzul Caamal, R., Rendón von Osten, J., 2019. Occurrence and seasonal 787 

distribution of microplastics and phthalates in sediments from the urban channel of the Ria 788 

https://doi.org/10.1021/acs.est.9b02942


 

48 

 

and coast of Campeche, Mexico. Sci. Total Environ. 672, 97–105. 789 

https://doi.org/10.1016/j.scitotenv.2019.03.472 790 

Bosker, T., Bouwman, L.J., Brun, N.R., Behrens, P., Vijver, M.G., 2019. Microplastics 791 

accumulate on pores in seed capsule and delay germination and root growth of the terrestrial 792 

vascular plant Lepidium sativum. Chemosphere 226, 774–781. 793 

https://doi.org/10.1016/j.chemosphere.2019.03.163 794 

Bradney, L., Wijesekara, H., Palansooriya, K.N., Obadamudalige, N., Bolan, N.S., Ok, Y.S., 795 

Rinklebe, J., Kim, K.H., Kirkham, M.B., 2019a. Particulate plastics as a vector for toxic 796 

trace-element uptake by aquatic and terrestrial organisms and human health risk. Environ. 797 

Int. 131, 104937. https://doi.org/10.1016/j.envint.2019.104937 798 

Browne, M.A., Niven, S.J., Galloway, T.S., Rowland, S.J., Thompson, R.C., 2013. Microplastic 799 

moves pollutants and additives to worms, reducing functions linked to health and 800 

biodiversity. Curr. Biol. 23, 2388–2392. https://doi.org/10.1016/j.cub.2013.10.012 801 

Cao, D., Wang, X., Luo, X., Liu, G., Zheng, H., 2017. Effects of polystyrene microplastics on 802 

the fitness of earthworms in an agricultural soil. IOP Conf. Ser. Earth Environ. Sci. 61. 803 

https://doi.org/10.1088/1755-1315/61/1/012148 804 

Carpenter, E.J., Smith, K.L., 1972. Plastics on the Sargasso sea surface. Science (80-. ). 175, 805 

1240–1241. https://doi.org/10.1126/science.175.4027.1240 806 

Conley, K., Clum, A., Deepe, J., Lane, H., Beckingham, B., 2019. Wastewater treatment plants 807 

as a source of microplastics to an urban estuary : Removal ef fi ciencies and loading per 808 

capita over one year. Water Res. X 3, 100030. https://doi.org/10.1016/j.wroa.2019.100030 809 

https://doi.org/10.1088/1755-1315/61/1/012148


 

49 

 

da Costa, J.P., Santos, P.S.M., Duarte, A.C., Rocha-Santos, T., 2016. (Nano)plastics in the 810 

environment - Sources, fates and effects. Sci. Total Environ. 566–567, 15–26. 811 

https://doi.org/10.1016/j.scitotenv.2016.05.041 812 

Dan, Z., Hong-bin, L.I.U., Wan-li, H.U., Xiao-hui, Q.I.N., Xing-wang, M.A., Chang-rong, 813 

Y.A.N., 2016. The status and distribution characteristics of residual mulching film in 814 

Xinjiang , China. J. Integr. Agric. 15, 2639–2646. https://doi.org/10.1016/S2095-815 

3119(15)61240-0 816 

de Souza Machado, A.A., Kloas, W., Zarfl, C., Hempel, S., Rillig, M.C., 2018a. Microplastics as 817 

an emerging threat to terrestrial ecosystems. Glob. Chang. Biol. 24, 1405–1416. 818 

https://doi.org/10.1111/gcb.14020 819 

De Souza Machado, A.A., Lau, C.W., Kloas, W., Bergmann, J., Bachelier, J.B., Faltin, E., 820 

Becker, R., Görlich, A.S., Rillig, M.C., 2019. Microplastics Can Change Soil Properties and 821 

Affect Plant Performance. Environ. Sci. Technol. 53, 6044–6052. 822 

https://doi.org/10.1021/acs.est.9b01339 823 

De Souza MacHado, A.A., Lau, C.W., Till, J., Kloas, W., Lehmann, A., Becker, R., Rillig, M.C., 824 

2018. Impacts of Microplastics on the Soil Biophysical Environment. Environ. Sci. 825 

Technol. 52, 9656–9665. https://doi.org/10.1021/acs.est.8b02212 826 

Deng, Y., Zhang, Y., Lemos, B., Ren, H., 2017. Tissue accumulation of microplastics in mice 827 

and biomarker responses suggest widespread health risks of exposure. Sci. Rep. 7, 1–10. 828 

https://doi.org/10.1038/srep46687 829 

Deng, Y., Zhang, Y., Qiao, R., Bonilla, M.M., Yang, X., Ren, H., Lemos, B., 2018. Evidence 830 

that microplastics aggravate the toxicity of organophosphorus flame retardants in mice 831 



 

50 

 

(Mus musculus). J. Hazard. Mater. 357, 348–354. 832 

https://doi.org/10.1016/j.jhazmat.2018.06.017 833 

Ding, L., Guo, X., Yang, X., Zhang, Q., Yang, C., 2019. Science of the Total Environment 834 

Microplastics in surface waters and sediments of the Wei River , in the northwest of China. 835 

Sci. Total Environ. 667, 427–434. https://doi.org/10.1016/j.scitotenv.2019.02.332 836 

Dris, R., Gasperi, J., Saad, M., Mirande, C., Tassin, B., 2016. Synthetic fi bers in atmospheric 837 

fallout : A source of microplastics in the environment ? MPB 104, 290–293. 838 

https://doi.org/10.1016/j.marpolbul.2016.01.006 839 

Duis, K., Coors, A., 2016. Microplastics in the aquatic and terrestrial environment: sources (with 840 

a specific focus on personal care products), fate and effects. Environ. Sci. Eur. 28, 1–25. 841 

https://doi.org/10.1186/s12302-015-0069-y 842 

Fu, D., Zhang, Q., Fan, Z., Qi, H., Wang, Z., Peng, L., 2019. Aged microplastics polyvinyl 843 

chloride interact with copper and cause oxidative stress towards microalgae Chlorella 844 

vulgaris. Aquat. Toxicol. 216, 105319. https://doi.org/10.1016/j.aquatox.2019.105319 845 

Galafassi, S., Nizzetto, L., Volta, P., 2019. Plastic sources: A survey across scientific and grey 846 

literature for their inventory and relative contribution to microplastics pollution in natural 847 

environments, with an emphasis on surface water. Sci. Total Environ. 693, 133499. 848 

https://doi.org/10.1016/j.scitotenv.2019.07.305 849 

Gao, H., Yan, C., Liu, Q., Ding, W., Chen, B., Li, Z., 2019. Effects of plastic mulching and 850 

plastic residue on agricultural production: A meta-analysis. Sci. Total Environ. 651, 484–851 

492. https://doi.org/10.1016/j.scitotenv.2018.09.105 852 

Gaylor, M.O., Harvey, E., Hale, R.C., 2013. Polybrominated diphenyl ether (PBDE) 853 

accumulation by earthworms (Eisenia fetida) exposed to biosolids-, polyurethane foam 854 



 

51 

 

microparticle-, and penta-BDE-amended soils. Environ. Sci. Technol. 47, 13831–13839. 855 

https://doi.org/10.1021/es403750a 856 

Gilan, I., Hadar, Y., Sivan, A., 2004. Colonization, biofilm formation and biodegradation of 857 

polyethylene by a strain of Rhodococcus ruber. Appl. Microbiol. Biotechnol. 65, 97–104. 858 

https://doi.org/10.1007/s00253-004-1584-8 859 

Gong, J., Xie, P., 2020. Research progress in sources, analytical methods, eco-environmental 860 

effects, and control measures of microplastics. Chemosphere 254, 126790. 861 

https://doi.org/10.1016/j.chemosphere.2020.126790 862 

Gravouil, K., Ferru-Clément, R., Colas, S., Helye, R., Kadri, L., Bourdeau, L., Moumen, B., 863 

Mercier, A., Ferreira, T., 2017. Transcriptomics and Lipidomics of the Environmental 864 

Strain Rhodococcus ruber Point out Consumption Pathways and Potential Metabolic 865 

Bottlenecks for Polyethylene Degradation. Environ. Sci. Technol. 51, 5172–5181. 866 

https://doi.org/10.1021/acs.est.7b00846 867 

Groh, K.J., Backhaus, T., Carney-Almroth, B., Geueke, B., Inostroza, P.A., Lennquist, A., 868 

Leslie, H.A., Maffini, M., Slunge, D., Trasande, L., Warhurst, A.M., Muncke, J., 2019. 869 

Overview of known plastic packaging-associated chemicals and their hazards. Sci. Total 870 

Environ. 651, 3253–3268. https://doi.org/10.1016/j.scitotenv.2018.10.015 871 

Guo, J., Huang, X., Xiang, L., Wang, Y., Li, Y., Li, H., Cai, Q., 2020. Source , migration and 872 

toxicology of microplastics in soil. Environ. Int. 137, 105263. 873 

https://doi.org/10.1016/j.envint.2019.105263 874 

Hadad, D., Geresh, S., Sivan, A., 2005. Biodegradation of polyethylene by the thermophilic 875 

bacterium Brevibacillus borstelensis. J. Appl. Microbiol. 98, 1093–1100. 876 

https://doi.org/10.1111/j.1365-2672.2005.02553.x 877 

https://doi.org/10.1007/s00253-004-1584-8


 

52 

 

Hahladakis, J.N., Velis, C.A., Weber, R., Iacovidou, E., Purnell, P., 2018. An overview of 878 

chemical additives present in plastics: Migration, release, fate and environmental impact 879 

during their use, disposal and recycling. J. Hazard. Mater. 344, 179–199. 880 

https://doi.org/10.1016/j.jhazmat.2017.10.014 881 

Hartmann, N.B., Rist, S., Bodin, J., Jensen, L.H.S., Schmidt, S.N., Mayer, P., Meibom, A., Baun, 882 

A., 2017. Microplastics as vectors for environmental contaminants: Exploring sorption, 883 

desorption, and transfer to biota. Integr. Environ. Assess. Manag. 13, 488–493. 884 

https://doi.org/10.1002/ieam.1904 885 

Haward, M., 2018. Plastic pollution of the world’s seas and oceans as a contemporary challenge 886 

in ocean governance. Nat. Commun. 9, 9–11. https://doi.org/10.1038/s41467-018-03104-3 887 

Helmberger, M.S., Tiemann, L.K., Grieshop, M.J., 2020. Towards an ecology of soil 888 

microplastics. Funct. Ecol. 34, 550–560. https://doi.org/10.1111/1365-2435.13495 889 

Hepburn, E., Madden, C., Szabo, D., Coggan, T.L., Clarke, B., Currell, M., 2019. Contamination 890 

of groundwater with per- and polyfluoroalkyl substances (PFAS) from legacy landfills in an 891 

urban re-development precinct. Environ. Pollut. 248, 101–113. 892 

https://doi.org/10.1016/j.envpol.2019.02.018 893 

Hernandez, L.M., Xu, E.G., Larsson, H.C.E., Tahara, R., Maisuria, V.B., Tufenkji, N., 2019. 894 

Plastic Teabags Release Billions of Microparticles and Nanoparticles into Tea. Environ. Sci. 895 

Technol. 53, 12300–12310. https://doi.org/10.1021/acs.est.9b02540 896 

Hodson, M.E., Duffus-Hodson, C.A., Clark, A., Prendergast-Miller, M.T., Thorpe, K.L., 2017. 897 

Plastic Bag Derived-Microplastics as a Vector for Metal Exposure in Terrestrial 898 

Invertebrates. Environ. Sci. Technol. 51, 4714–4721. 899 

https://doi.org/10.1021/acs.est.7b00635 900 



 

53 

 

Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Microplastics in 901 

freshwater and terrestrial environments: Evaluating the current understanding to identify the 902 

knowledge gaps and future research priorities. Sci. Total Environ. 586, 127–141. 903 

https://doi.org/10.1016/j.scitotenv.2017.01.190 904 

Hou, L., Xi, J., Chen, X., Li, X., Ma, W., Lu, J., Xu, J., Lin, Y.B., 2019. Biodegradability and 905 

ecological impacts of polyethylene-based mulching film at agricultural environment. J. 906 

Hazard. Mater. 378, 120774. https://doi.org/10.1016/j.jhazmat.2019.120774 907 

Huang, Y., Zhao, Y., Wang, J., Zhang, M., Jia, W., Qin, X., 2019. LDPE microplastic films alter 908 

microbial community composition and enzymatic activities in soil. Environ. Pollut. 254, 909 

112983. https://doi.org/10.1016/j.envpol.2019.112983 910 

Huerta Lwanga, E., Gertsen, H., Gooren, H., Peters, P., Salánki, T., Van Der Ploeg, M., 911 

Besseling, E., Koelmans, A.A., Geissen, V., 2016. Microplastics in the Terrestrial 912 

Ecosystem: Implications for Lumbricus terrestris (Oligochaeta, Lumbricidae). Environ. Sci. 913 

Technol. 50, 2685–2691. https://doi.org/10.1021/acs.est.5b05478 914 

Huerta Lwanga, E., Mendoza Vega, J., Ku Quej, V., Chi, J. de los A., Sanchez del Cid, L., Chi, 915 

C., Escalona Segura, G., Gertsen, H., Salánki, T., van der Ploeg, M., Koelmans, A.A., 916 

Geissen, V., 2017. Field evidence for transfer of plastic debris along a terrestrial food chain. 917 

Sci. Rep. 7, 1–7. https://doi.org/10.1038/s41598-017-14588-2 918 

Hüffer, T., Metzelder, F., Sigmund, G., Slawek, S., Schmidt, T.C., Hofmann, T., 2019. 919 

Polyethylene microplastics influence the transport of organic contaminants in soil. Sci. 920 

Total Environ. 657, 242–247. https://doi.org/10.1016/j.scitotenv.2018.12.047 921 



 

54 

 

Jiang, X., Chang, Y., Zhang, T., Qiao, Y., Klobučar, G., Li, M., 2020. Toxicological effects of 922 

polystyrene microplastics on earthworm (Eisenia fetida). Environ. Pollut. 259. 923 

https://doi.org/10.1016/j.envpol.2019.113896 924 

Jiang, X., Chen, H., Liao, Y., Ye, Z., Li, M., Klobučar, G., 2019. Ecotoxicity and genotoxicity of 925 

polystyrene microplastics on higher plant Vicia faba. Environ. Pollut. 250, 831–838. 926 

https://doi.org/10.1016/j.envpol.2019.04.055 927 

Ju, H., Zhu, D., Qiao, M., 2019. Effects of polyethylene microplastics on the gut microbial 928 

community, reproduction and avoidance behaviors of the soil springtail, Folsomia candida. 929 

Environ. Pollut. 247, 890–897. https://doi.org/10.1016/j.envpol.2019.01.097 930 

Judy, J.D., Williams, M., Gregg, A., Oliver, D., Kumar, A., Kookana, R., Kirby, J.K., 2019. 931 

Microplastics in municipal mixed-waste organic outputs induce minimal short to long-term 932 

toxicity in key terrestrial biota. Environ. Pollut. 252, 522–531. 933 

https://doi.org/10.1016/j.envpol.2019.05.027 934 

Karbalaei, S., Hanachi, P., Walker, T.R., Cole, M., 2018. Occurrence, sources , human health 935 

impacts and mitigation of microplastic pollution. 936 

Khalid, N., Aqeel, M., Noman, A., 2020. Microplastics could be a threat to plants in terrestrial 937 

systems directly. Environ. Pollut. 267, 115653. 938 

https://doi.org/10.1016/j.envpol.2020.115653 939 

Kim, D., Chae, Y., An, Y.J., 2017. Mixture Toxicity of Nickel and Microplastics with Different 940 

Functional Groups on Daphnia magna. Environ. Sci. Technol. 51, 12852–12858. 941 

https://doi.org/10.1021/acs.est.7b03732 942 

Kim, J.S., Lee, H.J., Kim, S.K., Kim, H.J., 2018. Global Pattern of Microplastics (MPs) in 943 

Commercial Food-Grade Salts: Sea Salt as an Indicator of Seawater MP Pollution. Environ. 944 



 

55 

 

Sci. Technol. 52, 12819–12828. https://doi.org/10.1021/acs.est.8b04180 945 

Kim, S.W., An, Y.J., 2019. Soil microplastics inhibit the movement of springtail species. 946 

Environ. Int. 126, 699–706. https://doi.org/10.1016/j.envint.2019.02.067 947 

Krueger, M.C., Harms, H., Schlosser, D., 2015. Prospects for microbiological solutions to 948 

environmental pollution with plastics 8857–8874. https://doi.org/10.1007/s00253-015-6879-949 

4 950 

Kumar, M., Xiong, X., He, M., Tsang, D.C.W., Gupta, J., Khan, E., Harrad, S., Hou, D., Sik, Y., 951 

Bolan, N.S., 2020. Microplastics as pollutants in agricultural soils *. Environ. Pollut. 265, 952 

114980. https://doi.org/10.1016/j.envpol.2020.114980 953 

Kwon, J.H., Chang, S., Hong, S.H., Shim, W.J., 2017. Microplastics as a vector of hydrophobic 954 

contaminants: Importance of hydrophobic additives. Integr. Environ. Assess. Manag. 13, 955 

494–499. https://doi.org/10.1002/ieam.1906 956 

Lahive, E., Walton, A., Horton, A.A., Spurgeon, D.J., Svendsen, C., 2019. Microplastic particles 957 

reduce reproduction in the terrestrial worm Enchytraeus crypticus in a soil exposure. 958 

Environ. Pollut. 255, 113174. https://doi.org/10.1016/j.envpol.2019.113174 959 

Lassen, C., Hansen, S.F., Magnusson, K., Hartmann, N.B., Rehne Jensen, P., Nielsen, T.G., 960 

Brinch, A., 2015. Microplastics Occurrence, effects and sources of releases, Danish 961 

Environmental Protection Agency. 962 

Lehmann, A., Fitschen, K., Rillig, M., 2019. Abiotic and Biotic Factors Influencing the Effect of 963 

Microplastic on Soil Aggregation. Soil Syst. 3, 21. 964 

https://doi.org/10.3390/soilsystems3010021 965 

Lei, L., Liu, M., Song, Y., Lu, S., Hu, J., Cao, C., Xie, B., Shi, H., He, D., 2018a. Polystyrene 966 

(nano)microplastics cause size-dependent neurotoxicity, oxidative damage and other 967 



 

56 

 

adverse effects in Caenorhabditis elegans. Environ. Sci. Nano 5, 2009–2020. 968 

https://doi.org/10.1039/c8en00412a 969 

Lei, L., Wu, S., Lu, S., Liu, M., Song, Y., Fu, Z., Shi, H., Raley-Susman, K.M., He, D., 2018b. 970 

Microplastic particles cause intestinal damage and other adverse effects in zebrafish Danio 971 

rerio and nematode Caenorhabditis elegans. Sci. Total Environ. 619–620, 1–8. 972 

https://doi.org/10.1016/j.scitotenv.2017.11.103 973 

Li, X., Chen, L., Mei, Q., Dong, B., Dai, X., Ding, G., Zeng, E.Y., 2018. Microplastics in sewage 974 

sludge from the wastewater treatment plants in China. Water Res. 142, 75–85. 975 

https://doi.org/10.1016/j.watres.2018.05.034 976 

Liu, F., Olesen, K.B., Borregaard, A.R., Vollertsen, J., 2019. Microplastics in urban and highway 977 

stormwater retention ponds. Sci. Total Environ. 671, 992–1000. 978 

https://doi.org/10.1016/j.scitotenv.2019.03.416 979 

Liu, G., Zhu, Z., Yang, Y., Sun, Y., Yu, F., Ma, J., 2019. Sorption behavior and mechanism of 980 

hydrophilic organic chemicals to virgin and aged microplastics in freshwater and seawater. 981 

Environ. Pollut. 246, 26–33. https://doi.org/10.1016/j.envpol.2018.11.100 982 

Liu, H., Yang, X., Liu, G., Liang, C., Xue, S., Chen, H., Ritsema, C.J., Geissen, V., 2017. 983 

Response of soil dissolved organic matter to microplastic addition in Chinese loess soil. 984 

Chemosphere 185, 907–917. https://doi.org/10.1016/j.chemosphere.2017.07.064 985 

Liu, P., Zhan, X., Wu, X., Li, J., Wang, H., Gao, S., 2020. Effect of weathering on environmental 986 

behavior of microplastics: Properties, sorption and potential risks. Chemosphere 242, 987 

125193. https://doi.org/10.1016/j.chemosphere.2019.125193 988 



 

57 

 

Lönnstedt, O.M., Eklöv, P., 2016. Lönnstedt, Eklöv - 2016 - Environmentally relevant 989 

concentrations of microplastic particles influence larval fish ecology.pdf. Science (80-. ). 990 

352, 6–10. 991 

Lu, L., Wan, Z., Luo, T., Fu, Z., Jin, Y., 2018. Polystyrene microplastics induce gut microbiota 992 

dysbiosis and hepatic lipid metabolism disorder in mice. Sci. Total Environ. 631–632, 449–993 

458. https://doi.org/10.1016/j.scitotenv.2018.03.051 994 

Lwanga, E.H., Gertsen, H., Gooren, H., Peters, P., Ploeg, M. Van Der, Besseling, E., Koelmans, 995 

A.A., Geissen, V., 2017. Incorporation of microplastics from litter into burrows of 996 

Lumbricus s Sal a Tam a 220, 523–531. https://doi.org/10.1016/j.envpol.2016.09.096 997 

Ma, H., Pu, S., Liu, S., Bai, Y., Mandal, S., Xing, B., 2020. Microplastics in aquatic 998 

environments: Toxicity to trigger ecological consequences. Environ. Pollut. 261, 114089. 999 

https://doi.org/10.1016/j.envpol.2020.114089 1000 

Ma, X., Geiser-Lee, J., Deng, Y., Kolmakov, A., 2010. Interactions between engineered 1001 

nanoparticles (ENPs) and plants: Phytotoxicity, uptake and accumulation. Sci. Total 1002 

Environ. 408, 3053–3061. https://doi.org/10.1016/j.scitotenv.2010.03.031 1003 

Maaß, S., Daphi, D., Lehmann, A., Rillig, M.C., 2017. Transport of microplastics by two 1004 

collembolan species. Environ. Pollut. 225, 456–459. 1005 

https://doi.org/10.1016/j.envpol.2017.03.009 1006 

McGrath, T.J., Ball, A.S., Clarke, B.O., 2017. Critical review of soil contamination by 1007 

polybrominated diphenyl ethers (PBDEs) and novel brominated flame retardants (NBFRs); 1008 

concentrations, sources and congener profiles. Environ. Pollut. 230, 741–757. 1009 

https://doi.org/10.1016/j.envpol.2017.07.009 1010 

Mitrano, D.M., Wohlleben, W., 2020. Microplastic regulation should be more precise to 1011 



 

58 

 

incentivize both innovation and environmental safety. Nat. Commun. 1–12. 1012 

https://doi.org/10.1038/s41467-020-19069-1 1013 

Miyazaki, J., Kuriyama, Y., Miyamoto, A., Tokumoto, H., Konishi, Y., Nomura, T., 2014. 1014 

Adhesion and internalization of functionalized polystyrene latex nanoparticles toward the 1015 

yeast Saccharomyces cerevisiae. Adv. Powder Technol. 25, 1394–1397. 1016 

https://doi.org/10.1016/j.apt.2014.06.014 1017 

Miyazaki, J., Kuriyama, Y., Tokumoto, H., Konishi, Y., Nomura, T., 2015. Cytotoxicity and 1018 

behavior of polystyrene latex nanoparticles to budding yeast. Colloids Surfaces A 1019 

Physicochem. Eng. Asp. 469, 287–293. https://doi.org/10.1016/j.colsurfa.2015.01.046 1020 

Naveed, M., Herath, L., Moldrup, P., Arthur, E., Nicolaisen, M., Norgaard, T., Ferré, T.P.A., de 1021 

Jonge, L.W., 2016. Spatial variability of microbial richness and diversity and relationships 1022 

with soil organic carbon, texture and structure across an agricultural field. Appl. Soil Ecol. 1023 

103, 44–55. https://doi.org/10.1016/j.apsoil.2016.03.004 1024 

Ng, E.L., Huerta Lwanga, E., Eldridge, S.M., Johnston, P., Hu, H.W., Geissen, V., Chen, D., 1025 

2018. An overview of microplastic and nanoplastic pollution in agroecosystems. Sci. Total 1026 

Environ. 627, 1377–1388. https://doi.org/10.1016/j.scitotenv.2018.01.341 1027 

Nizzetto, L., Futter, M., Langaas, S., 2016. Are Agricultural Soils Dumps for Microplastics of 1028 

Urban Origin? Environ. Sci. Technol. 50, 10777–10779. 1029 

https://doi.org/10.1021/acs.est.6b04140 1030 

Nizzetto, L., Langaas, S., Futter, M. 2016. Do microplastics spill on to farm soil?. Nature 537. 1031 

488. http://doi.org./10.1038/537488b  1032 

Nomura, T., Tani, S., Yamamoto, M., Nakagawa, T., Toyoda, S., Fujisawa, E., Yasui, A., 1033 

Konishi, Y., 2016. Cytotoxicity and colloidal behavior of polystyrene latex nanoparticles 1034 

https://doi.org/10.1021/acs.est.6b04140


 

59 

 

toward filamentous fungi in isotonic solutions. Chemosphere 149, 84–90. 1035 

https://doi.org/10.1016/j.chemosphere.2016.01.091 1036 

Oberbeckmann, S., Osborn, A.M., Duhaime, M.B., 2016. Microbes on a bottle: Substrate, season 1037 

and geography influence community composition of microbes colonizing marine plastic 1038 

debris. PLoS One 11, 1–24. https://doi.org/10.1371/journal.pone.0159289 1039 

Qi, Y., Ossowicki, A., Yang, X., Huerta Lwanga, E., Dini-Andreote, F., Geissen, V., Garbeva, 1040 

P., 2020. Effects of plastic mulch film residues on wheat rhizosphere and soil properties. J. 1041 

Hazard. Mater. 387, 121711. https://doi.org/10.1016/j.jhazmat.2019.121711 1042 

Qi, Y., Yang, X., Pelaez, A.M., Huerta Lwanga, E., Beriot, N., Gertsen, H., Garbeva, P., 1043 

Geissen, V., 2018. Macro- and micro- plastics in soil-plant system: Effects of plastic mulch 1044 

film residues on wheat (Triticum aestivum) growth. Sci. Total Environ. 645, 1048–1056. 1045 

https://doi.org/10.1016/j.scitotenv.2018.07.229 1046 

Rillig, M.C., 2018. Microplastic Disguising As Soil Carbon Storage. Environ. Sci. Technol. 52, 1047 

6079–6080. https://doi.org/10.1021/acs.est.8b02338 1048 

Rillig, M.C., 2012. Microplastic in terrestrial ecosystems and the soil? Environ. Sci. Technol. 46, 1049 

6453–6454. https://doi.org/10.1021/es302011r 1050 

Rillig, M.C., 2005. A connection between fungal hydrophobins and soil water repellency? 1051 

Pedobiologia (Jena). 49, 395–399. https://doi.org/10.1016/j.pedobi.2005.04.004 1052 

Rillig, Matthias C., Ingraffia, R., De Souza Machado, A.A., 2017b. Microplastic incorporation 1053 

into soil in agroecosystems. Front. Plant Sci. 8, 8–11. 1054 

https://doi.org/10.3389/fpls.2017.01805 1055 

Rillig, M.C., Lehmann, A., 2020. Microplastic in terrestrial ecosystems. Science 368, 1430-1431. 1056 

https://doi.org/10.1126/sience.abb5979 1057 



 

60 

 

Rillig, M.C., Lehmann, A., de Souza Machado, A.A., Yang, G., 2019. Microplastic effects on 1058 

plants. New Phytol. 223, 1066–1070. https://doi.org/10.1111/nph.15794 1059 

Rillig, Matthias C, Ziersch, L., Hempel, S., 2017. Microplastic transport in soil by earthworms. 1060 

Sci. Rep. 1–6. https://doi.org/10.1038/s41598-017-01594-7 1061 

Rocha-santos, T., Duarte, A.C., 2015. Trends in Analytical Chemistry A critical overview of the 1062 

analytical approaches to the occurrence , the fate and the behavior of microplastics in the 1063 

environment. Trends Anal. Chem. 65, 47–53. https://doi.org/10.1016/j.trac.2014.10.011 1064 

Rochman, B.C.M., 2004. Microplastics research — from sink to source in freshwater systems. 1065 

Rodriguez-Seijo, A., Lourenço, J., Rocha-Santos, T.A.P., da Costa, J., Duarte, A.C., Vala, H., 1066 

Pereira, R., 2017. Histopathological and molecular effects of microplastics in Eisenia andrei 1067 

Bouché. Environ. Pollut. 220, 495–503. https://doi.org/10.1016/j.envpol.2016.09.092 1068 

Santo, M., Weitsman, R., Sivan, A., 2013. The role of the copper-binding enzyme - laccase - in 1069 

the biodegradation of polyethylene by the actinomycete Rhodococcus ruber. Int. 1070 

Biodeterior. Biodegrad. 84, 204–210. https://doi.org/10.1016/j.ibiod.2012.03.001 1071 

Sen, S.K., Raut, S., 2015. Journal of Environmental Chemical Engineering Microbial 1072 

degradation of low density polyethylene ( LDPE ): A review. Biochem. Pharmacol. 3, 462–1073 

473. https://doi.org/10.1016/j.jece.2015.01.003 1074 

Setälä, O., Norkko, J., Lehtiniemi, M., 2016. Feeding type affects microplastic ingestion in a 1075 

coastal invertebrate community. Mar. Pollut. Bull. 102, 95–101. 1076 

https://doi.org/10.1016/j.marpolbul.2015.11.053 1077 

Steinmetz, Z., Wollmann, C., Schaefer, M., Buchmann, C., David, J., Tröger, J., Muñoz, K., 1078 

Frör, O., Schaumann, G.E., 2016. Plastic mulching in agriculture. Trading short-term 1079 



 

61 

 

agronomic benefits for long-term soil degradation? Sci. Total Environ. 550, 690–705. 1080 

https://doi.org/10.1016/j.scitotenv.2016.01.153 1081 

Trestrail, C., Nugegoda, D., Shimeta, J., 2020. Invertebrate responses to microplastic ingestion: 1082 

Reviewing the role of the antioxidant system. Sci. Total Environ. 734, 138559. 1083 

https://doi.org/10.1016/j.scitotenv.2020.138559 1084 

Wan, Y., Wu, C., Xue, Q., Hui, X., 2019. Effects of plastic contamination on water evaporation 1085 

and desiccation cracking in soil. Sci. Total Environ. 654, 576–582. 1086 

https://doi.org/10.1016/j.scitotenv.2018.11.123 1087 

Wang, F., Shih, K.M., Li, X.Y., 2015. The partition behavior of perfluorooctanesulfonate 1088 

(PFOS) and perfluorooctanesulfonamide (FOSA) on microplastics. Chemosphere 119, 841–1089 

847. https://doi.org/10.1016/j.chemosphere.2014.08.047 1090 

Wang, J., Peng, J., Tan, Z., Gao, Y., Zhan, Z., Chen, Q., 2017. Microplastics in the surface 1091 

sediments from the Beijiang River littoral zone : Composition , abundance , surface textures 1092 

and interaction with heavy metals. Chemosphere 171, 248–258. 1093 

https://doi.org/10.1016/j.chemosphere.2016.12.074 1094 

Wang, Jie, Coffin, S., Sun, C., Schlenk, D., Gan, J., 2019. Negligible effects of microplastics on 1095 

animal fitness and HOC bioaccumulation in earthworm Eisenia fetida in soil. Environ. 1096 

Pollut. 249, 776–784. https://doi.org/10.1016/j.envpol.2019.03.102 1097 

Wang, J., Liu, X., Li, Y., Powell, T., Wang, X., Wang, G., Zhang, P., 2019b. Microplastics as 1098 

contaminants in the soil environment: A mini-review. Sci. Total Environ. 691, 848–857. 1099 

https://doi.org/10.1016/j.scitotenv.2019.07.209 1100 



 

62 

 

Wang, J., Liu, X., Liu, G., Zhang, Z., Wu, H., Cui, B., Bai, J., Zhang, W., 2019. Size effect of 1101 

polystyrene microplastics on sorption of phenanthrene and nitrobenzene. Ecotoxicol. 1102 

Environ. Saf. 173, 331–338. https://doi.org/10.1016/j.ecoenv.2019.02.037 1103 

Wang, W., Ge, J., Yu, X., Li, H., 2020. Environmental fate and impacts of microplastics in soil 1104 

ecosystems: Progress and perspective. Sci. Total Environ. 708, 134841. 1105 

https://doi.org/10.1016/j.scitotenv.2019.134841 1106 

Wijesekara, H., Bolan, N.S., Bradney, L., Obadamudalige, N., Seshadri, B., Kunhikrishnan, A., 1107 

Dharmarajan, R., Ok, Y.S., Rinklebe, J., Kirkham, M.B., Vithanage, M., 2018. Trace 1108 

element dynamics of biosolids-derived microbeads. Chemosphere 199, 331–339. 1109 

https://doi.org/10.1016/j.chemosphere.2018.01.166 1110 

Yuan, J., Ma, J., Sun, Y., Zhou, T., Zhao, Y., Yu, F., 2020. Microbial degradation and other 1111 

environmental aspects of microplastics/plastics. Sci. Total Environ. 715, 136968. 1112 

https://doi.org/10.1016/j.scitotenv.2020.136968 1113 

Zhang, G.S., Liu, Y.F., 2018. The distribution of microplastics in soil aggregate fractions in 1114 

southwestern China. Sci. Total Environ. 642, 12–20. 1115 

https://doi.org/10.1016/j.scitotenv.2018.06.004 1116 

Zhang, G.S., Zhang, F.X., Li, X.T., 2019. Effects of polyester microfibers on soil physical 1117 

properties: Perception from a field and a pot experiment. Sci. Total Environ. 670, 1–7. 1118 

https://doi.org/10.1016/j.scitotenv.2019.03.149 1119 

Zhang, H., Zhou, Q., Xie, Z., Zhou, Y., Tu, C., Fu, C., Mi, W., Ebinghaus, R., Christie, P., Luo, 1120 

Y., 2018. Occurrences of organophosphorus esters and phthalates in the microplastics from 1121 

the coastal beaches in north China. Sci. Total Environ. 616–617, 1505–1512. 1122 

https://doi.org/10.1016/j.scitotenv.2017.10.163 1123 



 

63 

 

Zhang, S., Han, B., Sun, Y., Wang, F., 2020a. Microplastics influence the adsorption and 1124 

desorption characteristics of Cd in an agricultural soil. J. Hazard. Mater. 388, 121775. 1125 

https://doi.org/10.1016/j.jhazmat.2019.121775 1126 

Zhang, Q., Xu, E.G., Li, J., Chen, Q., Ma, L., Zeng, E.Y., Shi, H., 2020b. A Review of 1127 

Microplastics in Table Salt, Drinking Water, and Air: Direct Human Exposure. Environ. 1128 

Sci. Technol. 54, 3740–3751. https://doi.org/10.1021/acs.est.9b04535 1129 

Zhou, Y., Liu, X., Wang, J., 2019. Characterization of microplastics and the association of heavy 1130 

metals with microplastics in suburban soil of central China. Sci. Total Environ. 694, 1131 

133798. https://doi.org/10.1016/j.scitotenv.2019.133798 1132 

Zhou, Y., Wang, J., Zou, M., Jia, Z., Zhou, S., Li, Y., 2020. Microplastics in soils : A review of 1133 

methods , occurrence , fate , transport , ecological and environmental risks. Sci. Total 1134 

Environ. 748, 141368. https://doi.org/10.1016/j.scitotenv.2020.141368 1135 

Zhu, B.K., Fang, Y.M., Zhu, D., Christie, P., Ke, X., Zhu, Y.G., 2018. Exposure to nanoplastics 1136 

disturbs the gut microbiome in the soil oligochaete Enchytraeus crypticus. Environ. Pollut. 1137 

239, 408–415. https://doi.org/10.1016/j.envpol.2018.04.017 1138 

Zhu, D., Chen, Q.L., An, X.L., Yang, X.R., Christie, P., Ke, X., Wu, L.H., Zhu, Y.G., 2018. 1139 

Exposure of soil collembolans to microplastics perturbs their gut microbiota and alters their 1140 

isotopic composition. Soil Biol. Biochem. 116, 302–310. 1141 

https://doi.org/10.1016/j.soilbio.2017.10.027 1142 

Zhu, F., Zhu, C., Wang, C., Gu, C., 2019. Occurrence and Ecological Impacts of Microplastics in 1143 

Soil Systems : A Review 741–749. 1144 

Ziajahromi, S., Kumar, A., Neale, P.A., Leusch, F.D.L., 2018. Environmentally relevant 1145 

concentrations of polyethylene microplastics negatively impact the survival, growth and 1146 

https://doi.org/10.1016/j.scitotenv.2019.133798


 

64 

 

emergence of sediment-dwelling invertebrates. Environ. Pollut. 236, 425–431. 1147 

https://doi.org/10.1016/j.envpol.2018.01.094 1148 

Zubris, K.A. V., Richards, B.K., 2005. Synthetic fibers as an indicator of land application of 1149 

sludge. Environ. Pollut. 138, 201–211. https://doi.org/10.1016/j.envpol.2005.04.013 1150 

Armenise, S., Syieluing, W., Ramírez-Velásquez, J.M., Launay, F., Wuebben, D., Ngadi, N., 1151 

Rams, J., Muñoz, M., 2021. Plastic waste recycling via pyrolysis: A bibliometric survey and 1152 

literature review. J. Anal. Appl. Pyrolysis 105265. 1153 

Bank, M.S., Hansson, S. V., 2019. The Plastic Cycle: A Novel and Holistic Paradigm for the 1154 

Anthropocene. Environ. Sci. Technol. 53, 7177–7179. 1155 

https://doi.org/10.1021/acs.est.9b02942 1156 

Bank, M.S., Swarzenski, P.W., Duarte, C.M., Rillig, M.C., Koelmans, A.A., Metian, M., Wright, 1157 

S., Provencher, J.F., Sanden, M., Jordaan, A., 2021. Global Plastic Pollution Observation 1158 

System to Aid Policy. Environ. Sci. Technol. 1159 

Bhatt, P., Pathak, V.M., Bagheri, A.R., Bilal, M., 2021. Microplastic contaminants in the 1160 

aqueous environment, fate, toxicity consequences, and remediation strategies. Environ. Res. 1161 

200, 111762. 1162 

Boots, B., Russell, C.W., Green, D.S., 2019. Effects of Microplastics in Soil Ecosystems: Above 1163 

and below Ground. Environ. Sci. Technol. 53, 11496–11506. 1164 

https://doi.org/10.1021/acs.est.9b03304 1165 

Bradney, L., Wijesekara, H., Palansooriya, K.N., Obadamudalige, N., Bolan, N.S., Ok, Y.S., 1166 

Rinklebe, J., Kim, K.H., Kirkham, M.B., 2019. Particulate plastics as a vector for toxic 1167 

trace-element uptake by aquatic and terrestrial organisms and human health risk. Environ. 1168 

Int. 131, 104937. https://doi.org/10.1016/j.envint.2019.104937 1169 



 

65 

 

Carpenter, E.J., Smith, K.L., 1972. Plastics on the Sargasso sea surface. Science (80-. ). 175, 1170 

1240–1241. https://doi.org/10.1126/science.175.4027.1240 1171 

Chen, H., Wang, Y., Sun, X., Peng, Y., Xiao, L., 2020. Mixing effect of polylactic acid 1172 

microplastic and straw residue on soil property and ecological function. Chemosphere 243, 1173 

125271. 1174 

Davidson, M.G., Furlong, R.A., McManus, M.C., 2021. Developments in the life cycle 1175 

assessment of chemical recycling of plastic waste–A review. J. Clean. Prod. 126163. 1176 

de Souza Machado, A.A., Kloas, W., Zarfl, C., Hempel, S., Rillig, M.C., 2018. Microplastics as 1177 

an emerging threat to terrestrial ecosystems. Glob. Chang. Biol. 24, 1405–1416. 1178 

https://doi.org/10.1111/gcb.14020 1179 

De Souza Machado, A.A., Lau, C.W., Kloas, W., Bergmann, J., Bachelier, J.B., Faltin, E., 1180 

Becker, R., Görlich, A.S., Rillig, M.C., 2019. Microplastics Can Change Soil Properties and 1181 

Affect Plant Performance. Environ. Sci. Technol. 53, 6044–6052. 1182 

https://doi.org/10.1021/acs.est.9b01339 1183 

De Souza MacHado, A.A., Lau, C.W., Till, J., Kloas, W., Lehmann, A., Becker, R., Rillig, M.C., 1184 

2018. Impacts of Microplastics on the Soil Biophysical Environment. Environ. Sci. 1185 

Technol. 52, 9656–9665. https://doi.org/10.1021/acs.est.8b02212 1186 

Duis, K., Coors, A., 2016. Microplastics in the aquatic and terrestrial environment: sources (with 1187 

a specific focus on personal care products), fate and effects. Environ. Sci. Eur. 28, 1–25. 1188 

https://doi.org/10.1186/s12302-015-0069-y 1189 

Gong, J., Xie, P., 2020. Research progress in sources, analytical methods, eco-environmental 1190 

effects, and control measures of microplastics. Chemosphere 254, 126790. 1191 

https://doi.org/10.1016/j.chemosphere.2020.126790 1192 



 

66 

 

Gopinath, K.P., Nagarajan, V.M., Krishnan, A., Malolan, R., 2020. A critical review on energy, 1193 

environmental and economic factors on various processes used to handle and recycle plastic 1194 

wastes: development of a comprehensive index. J. Clean. Prod. 123031. 1195 

Guo, J., Huang, X., Xiang, L., Wang, Y., Li, Y., Li, H., Cai, Q., 2020. Source , migration and 1196 

toxicology of microplastics in soil. Environ. Int. 137, 105263. 1197 

https://doi.org/10.1016/j.envint.2019.105263 1198 

Hama, S.M., Hilal, N.N., 2017. Fresh properties of self-compacting concrete with plastic waste 1199 

as partial replacement of sand. Int. J. Sustain. Built Environ. 6, 299–308. 1200 

https://doi.org/10.1016/j.ijsbe.2017.01.001 1201 

Hernandez, L.M., Xu, E.G., Larsson, H.C.E., Tahara, R., Maisuria, V.B., Tufenkji, N., 2019. 1202 

Plastic Teabags Release Billions of Microparticles and Nanoparticles into Tea. Environ. Sci. 1203 

Technol. 53, 12300–12310. https://doi.org/10.1021/acs.est.9b02540 1204 

Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Microplastics in 1205 

freshwater and terrestrial environments: Evaluating the current understanding to identify the 1206 

knowledge gaps and future research priorities. Sci. Total Environ. 586, 127–141. 1207 

https://doi.org/10.1016/j.scitotenv.2017.01.190 1208 

Khalid, N., Aqeel, M., Noman, A., 2020. Microplastics could be a threat to plants in terrestrial 1209 

systems directly or indirectly. Environ. Pollut. 115653. 1210 

Kim, J.S., Lee, H.J., Kim, S.K., Kim, H.J., 2018. Global Pattern of Microplastics (MPs) in 1211 

Commercial Food-Grade Salts: Sea Salt as an Indicator of Seawater MP Pollution. Environ. 1212 

Sci. Technol. 52, 12819–12828. https://doi.org/10.1021/acs.est.8b04180 1213 

Kumar, M., Xiong, X., He, M., Tsang, D.C.W., Gupta, J., Khan, E., Harrad, S., Hou, D., Ok, 1214 

Y.S., Bolan, N.S., 2020. Microplastics as pollutants in agricultural soils. Environ. Pollut. 1215 



 

67 

 

265, 114980. https://doi.org/10.1016/j.envpol.2020.114980 1216 

Lehmann, A., Leifheit, E.F., Gerdawischke, M., Rillig, M.C., 2021. Microplastics have shape-1217 

and polymer-dependent effects on soil aggregation and organic matter loss–an experimental 1218 

and meta-analytical approach. Microplastics and Nanoplastics 1, 1–14. 1219 

Li, C., Yuan, X., Sun, Z., Suvarna, M., Hu, X., Wang, X., Ok, Y.S., 2021. Pyrolysis of waste 1220 

surgical masks into liquid fuel and its life-cycle assessment. Bioresour. Technol. 126582. 1221 

Li, H.-Z., Zhu, D., Lindhardt, J.H., Lin, S.-M., Ke, X., Cui, L., 2021. Long-term fertilization 1222 

history alters effects of microplastics on soil properties, microbial communities, and 1223 

functions in diverse farmland ecosystem. Environ. Sci. Technol. 55, 4658–4668. 1224 

Li, J., Song, Y., Cai, Y., 2020. Focus topics on microplastics in soil: analytical methods, 1225 

occurrence, transport, and ecological risks. Environ. Pollut. 257, 113570. 1226 

Liu, H., Yang, X., Liu, G., Liang, C., Xue, S., Chen, H., Ritsema, C.J., Geissen, V., 2017. 1227 

Response of soil dissolved organic matter to microplastic addition in Chinese loess soil. 1228 

Chemosphere 185, 907–917. 1229 

Liu, P., Shi, Y., Wu, X., Wang, H., Huang, H., Guo, X., Gao, S., 2021. Review of the artificially-1230 

accelerated aging technology and ecological risk of microplastics. Sci. Total Environ. 1231 

144969. 1232 

Miandad, R., Barakat, M.A., Aburiazaiza, A.S., Rehan, M., Nizami, A.S., 2016. Catalytic 1233 

pyrolysis of plastic waste: A review. Process Saf. Environ. Prot. 102, 822–838. 1234 

Mitrano, D.M., Wohlleben, W., 2020. Microplastic regulation should be more precise to 1235 

incentivize both innovation and environmental safety. Nat. Commun. 1–12. 1236 

https://doi.org/10.1038/s41467-020-19069-1 1237 

Narancic, T., Cerrone, F., Beagan, N., O’Connor, K.E., 2020. Recent advances in bioplastics: 1238 



 

68 

 

application and biodegradation. Polymers (Basel). 12, 920. 1239 

Narancic, T., Verstichel, S., Reddy Chaganti, S., Morales-Gamez, L., Kenny, S.T., De Wilde, B., 1240 

Babu Padamati, R., O’Connor, K.E., 2018. Biodegradable plastic blends create new 1241 

possibilities for end-of-life management of plastics but they are not a panacea for plastic 1242 

pollution. Environ. Sci. Technol. 52, 10441–10452. 1243 

Provencher, J.F., Covernton, G.A., Moore, R.C., Horn, D.A., Conkle, J.L., Lusher, A.L., 2020. 1244 

Proceed with caution: The need to raise the publication bar for microplastics research. Sci. 1245 

Total Environ. https://doi.org/10.1016/j.scitotenv.2020.141426 1246 

Qi, Y., Ossowicki, A., Yang, X., Lwanga, E.H., Dini-Andreote, F., Geissen, V., Garbeva, P., 1247 

2020. Effects of plastic mulch film residues on wheat rhizosphere and soil properties. J. 1248 

Hazard. Mater. 387, 121711. 1249 

Rathnayake, D., Ehidiamhen, P.O., Egene, C.E., Stevens, C. V, Meers, E., Mašek, O., Ronsse, 1250 

F., 2021. Investigation of biomass and agricultural plastic co-pyrolysis: Effect on biochar 1251 

yield and properties. J. Anal. Appl. Pyrolysis 155, 105029. 1252 

Ren, X., Yin, S., Wang, L., Tang, J., 2021. Microplastics in plant-microbes-soil system: A 1253 

review on recent studies. Sci. Total Environ. 151523. 1254 

Ren, Z., Gui, X., Xu, X., Zhao, L., Qiu, H., Cao, X., 2021. Microplastics in the soil-groundwater 1255 

environment: Aging, migration, and co-transport of contaminants–a critical review. J. 1256 

Hazard. Mater. 126455. 1257 

Rentizelas, A., Shpakova, A., Mašek, O., 2018. Designing an optimised supply network for 1258 

sustainable conversion of waste agricultural plastics into higher value products. J. Clean. 1259 

Prod. 189, 683–700. 1260 

Rillig, M.C., 2012. Microplastic in terrestrial ecosystems and the soil? Environ. Sci. Technol. 46, 1261 



 

69 

 

6453–6454. https://doi.org/10.1021/es302011r 1262 

Rodriguez-Seijo, A., Lourenço, J., Rocha-Santos, T.A.P., da Costa, J., Duarte, A.C., Vala, H., 1263 

Pereira, R., 2017. Histopathological and molecular effects of microplastics in Eisenia andrei 1264 

Bouché. Environ. Pollut. 220, 495–503. https://doi.org/10.1016/j.envpol.2016.09.092 1265 

Sanchez-Hernandez, J.C., Ro, K.S., Szogi, A.A., Chang, S., Park, B., 2021. Earthworms increase 1266 

the potential for enzymatic bio-activation of biochars made from co-pyrolyzing animal 1267 

manures and plastic wastes. J. Hazard. Mater. 408, 124405. 1268 

Sarkar, B., Dissanayake, P.D., Bolan, N.S., Yousuf, D.J., Kumar, M., Haque, M.N., 1269 

Mukhopadhyay, R., Ramanayaka, S., Biswas, J.K., Tsang, D.C.W., 2021. Challenges and 1270 

opportunities in sustainable management of microplastics and nanoplastics in the 1271 

environment. Environ. Res. 112179. 1272 

Singh, E., Kumar, A., Mishra, R., You, S., Singh, L., Kumar, S., Kumar, R., 2021. Pyrolysis of 1273 

waste biomass and plastics for production of biochar and its use for removal of heavy 1274 

metals from aqueous solution. Bioresour. Technol. 320, 124278. 1275 

Wang, F., Wang, Q., Adams, C.A., Sun, Y., Zhang, S., 2021. Effects of Microplastics on Soil 1276 

Properties: Current Knowledge and Future Perspectives. J. Hazard. Mater. 127531. 1277 

Wang, J., Jiang, J., Sun, Y., Wang, X., Li, M., Pang, S., Ruan, R., Ragauskas, A.J., Ok, Y.S., 1278 

Tsang, D.C.W., 2021. Catalytic degradation of waste rubbers and plastics over zeolites to 1279 

produce aromatic hydrocarbons. J. Clean. Prod. 309, 127469. 1280 

Wang, J., Peng, J., Tan, Z., Gao, Y., Zhan, Z., Chen, Q., 2017. Microplastics in the surface 1281 

sediments from the Beijiang River littoral zone : Composition , abundance , surface textures 1282 

and interaction with heavy metals. Chemosphere 171, 248–258. 1283 

https://doi.org/10.1016/j.chemosphere.2016.12.074 1284 



 

70 

 

Wang, L., Wu, W.M., Bolan, N.S., Tsang, D.C.W., Li, Y., Qin, M., Hou, D., 2021. 1285 

Environmental fate, toxicity and risk management strategies of nanoplastics in the 1286 

environment: Current status and future perspectives. J. Hazard. Mater. 401, 123415. 1287 

https://doi.org/10.1016/j.jhazmat.2020.123415 1288 

Wang, X., Bolan, N., Tsang, D.C.W., Sarkar, B., Bradney, L., Li, Y., 2021. A review of 1289 

microplastics aggregation in aquatic environment: Influence factors, analytical methods, 1290 

and environmental implications. J. Hazard. Mater. 402, 123496. 1291 

https://doi.org/10.1016/j.jhazmat.2020.123496 1292 

Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of microplastics on 1293 

marine organisms: a review. Environ. Pollut. 178, 483–492. 1294 

https://doi.org/10.1016/j.envpol.2013.02.031 1295 

Wu, X., Lu, J., Du, M., Xu, X., Beiyuan, J., Sarkar, B., Bolan, N., Xu, W., Xu, S., Chen, X., 1296 

2021. Particulate plastics-plant interaction in soil and its implications: A review. Sci. Total 1297 

Environ. 148337. 1298 

Ye, L., Qi, C., Hong, J., Ma, X., 2017. Life cycle assessment of polyvinyl chloride production 1299 

and its recyclability in China. J. Clean. Prod. 142, 2965–2972. 1300 

Yuan, X., Dissanayake, P.D., Gao, B., Liu, W.-J., Lee, K.B., Ok, Y.S., 2021a. Review on 1301 

upgrading organic waste to value-added carbon materials for energy and environmental 1302 

applications. J. Environ. Manage. 296, 113128. 1303 

Yuan, X., Kumar, N.M., Brigljević, B., Li, S., Deng, S., Byun, M., Lee, B., Lin, C.S.K., Tsang, 1304 

D.C.W., Lee, K.B., 2021c. Sustainability-inspired upcycling of waste polyethylene 1305 

terephthalate plastic into porous carbon for CO2 capture. 1306 

Yuan, X., Wang, X., Sarkar, B., Ok, Y.S., 2021b. The COVID-19 pandemic necessitates a shift 1307 



 

71 

 

to a plastic circular economy. Nat. Rev. Earth Environ. 1–2. 1308 

Zhang, G.S., Liu, Y.F., 2018. The distribution of microplastics in soil aggregate fractions in 1309 

southwestern China. Sci. Total Environ. 642, 12–20. 1310 

https://doi.org/10.1016/j.scitotenv.2018.06.004 1311 

Zhang, G.S., Zhang, F.X., Li, X.T., 2019. Effects of polyester microfibers on soil physical 1312 

properties: Perception from a field and a pot experiment. Sci. Total Environ. 670, 1–7. 1313 

https://doi.org/10.1016/j.scitotenv.2019.03.149 1314 

Zhang, Q., Xu, E.G., Li, J., Chen, Q., Ma, L., Zeng, E.Y., Shi, H., 2020. A Review of 1315 

Microplastics in Table Salt, Drinking Water, and Air: Direct Human Exposure. Environ. 1316 

Sci. Technol. 54, 3740–3751. https://doi.org/10.1021/acs.est.9b04535 1317 

Zhou, Y., Wang, J., Zou, M., Jia, Z., Zhou, S., Li, Y., 2020. Microplastics in soils: A review of 1318 

methods, occurrence, fate, transport, ecological and environmental risks. Sci. Total Environ. 1319 

https://doi.org/10.1016/j.scitotenv.2020.141368 1320 

Zimmermann, L., Göttlich, S., Oehlmann, J., Wagner, M., Völker, C., 2020. What are the drivers 1321 

of microplastic toxicity? Comparing the toxicity of plastic chemicals and particles to 1322 

Daphnia magna. Environ. Pollut. 267, 115392. 1323 

 1324 


