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Abstract 

 

 
Relatively little is known about the impacts of microplastics in the soil, particularly the 

interactions between the microplastics and soil components (such as nutrients, enzymes and 

aggregates). Many of these interactions impact on the biochemical processes by changing the 

soil properties, that may directly/ indirectly influence the growth of plants. Although 

microplastic appeared to impact plants in previous studies, the effects varied, and possible 

reasons behind these impacts are largely unknown. The present thesis examines microplastic 

adsorbed phosphate, and how this could affect soil properties and plant growth, through 

laboratory and greenhouse experiments. The data showed that the microplastic had the 

potentiality to adsorb phosphate and UV weathering increased the adsorption. Adsorption on 

the microplastics was far lower compared to the soils. Experiments measuring the phosphate 

adsorption observed increased adsorption with the increasing concentration of the 

background electrolyte above and below the point of zero charge (PZC). According to the 

literature, phosphate adsorption was not expected to increase with the concentration of the 

background electrolyte below the PZC. Experiments investigating the soil properties and 

estimating plant parameters found that the microplastic did not show any negative effect on 

soil and plant when applied at a 0.05 % rate. Nevertheless, an application rate of 0.50 % and 

5.00 % did cause negative responses to the soil and plant. We used a range of environmentally 

relevant to higher than environmentally relevant concentrations of microplastic in both 

incubation and greenhouse experiments. Our data indicated reductions in available phosphate 

which were consistent with the reduced plant growth. However, we could not confirm 

whether reduced phosphate availability was driving reduced plant growth since other factors 

also changed in response to the microplastics that might also be responsible for the reductions 

in plant growth.  

 

The present thesis on the soil and plant responses vis-à-vis microplastic additions indicates 

that the interaction between the microplastic and soil leads to reduced growth of plants, and 

pervasive microplastic impacts may have consequences for terrestrial environments. 
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Chapter 1 

 

 

General introduction 

 

 
1.1. Introduction 
 
 

Though there was a longer period of time when plastics were viewed as a super material that 

were very beneficial to society, now it is widely acknowledged that the plastics degrade to 

microplastics in the natural environment (Horton et al., 2017; Nizzetto et al., 2016). Oceans 

and aquatic environments have been the focus of microplastic research for the last decade. 

The awareness that terrestrial environments may also be afflicted with microplastics was 

developed comparatively recently although terrestrial microplastic pollution is higher than 

the marine pollution (Horton et al., 2017). In the European Union between 4,73,000 and 

9,10,000 metric tonnes of microplastic is released annually within the terrestrial environment, 

between 4 and 23 times the amount estimated to be released to the oceans (Horton et al., 

2017). 

 

Using microplastic research citation data from the Web of Science Core Collection (WoSCC) 

during the period of 2004 to 2019, Horton and Barnes (2020) reported that the number of 

records relating to microplastic research (peer-reviewed journal articles) increased from less 

than 100 to more than 1000 yearly outputs during the 15-year study. On May 8, 2020, Qin et 

al. (2020) collected data using the same WoSCC database, for the time period spanning 

January 1, 2020 to April 30, 2020, and identified 442 publications on microplastics. This 

value was less than the expected value for one-third of the year 2020 (567), which might be 

a result of the significant disruption caused by the COVID-19 pandemic. He et al. (2020) 

used scientometric analysis to understand the current status of microplastic research in the 

terrestrial environment and summarised the impacts of microplastics on the two major 

components of the terrestrial environment, soil and plants. The bibliometric analysis 

conducted by Qin et al. (2020) illustrated the potential sources and spatial distributions of 

microplastics, the impacts of microplastics on soil organisms, and the interactions of 

microplastics with metals and pesticides present in the soil. Using the cluster-based 

VOSviewer software, He et al. (2020) demonstrated that the number of publications on 

microplastics in the terrestrial environment increased rapidly since 2009. A total of 3529 
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authors contributed to the 877 publications related to microplastics in the terrestrial 

environment. Avio et al. (2015a, 2015b) observed that the rise in the number of scientific 

publications on the microplastic impacts in the terrestrial environment occurred when the first 

United Nations Environment Assembly of the United Nations Environment Programme 

(UNEP) issued the resolution UNEP/ EA.1/ L.8, which emphasised critical activities to 

address terrestrial microplastics. The studies on the microplastic in the terrestrial environment 

concentrated on the source, distribution and occurrence (Wu et al., 2019; Yang et al., 2019; 

Zhang et al., 2019a), the transport and fate in the soils (Yu et al., 2019; Yang et al., 2019), 

soil–plant interaction (Wang et al., 2020; Liu et al., 2020), risk and toxicity (Zarfl et al., 2019; 

Zhang et al., 2019b).  

 

The majority of all plastics ever produced (approximately 60 % equivalent to 4900 million 

tons) have been discarded and are now present in terrestrial environment (Geyer et al., 2017). 

The terrestrial environment particularly agricultural soils are prone to being exposed to the 

microplastic, as several pathways for plastic addition and incorporation exist in 

agroecosystems. Sources of microplastic in the terrestrial environment include landfills 

(Nizzetto et al., 2016), plastic mulch (Bläsing and Amelung, 2018; Kasirajan and Ngouajio, 

2012; Steinmetz et al., 2016), virgin plastic flakes, pre-production plastic pellets (Foitzik et 

al., 2018), sewage sludge and laundry dust (Carr et al., 2016; Mahon et al., 2017). Because 

of their large surface area and hydrophobic nature, microplastics easily adsorb 

contaminants including metals (Hodson et al., 2017; Decho, 2000) and persistent organic 

pollutants (POPs) (Bakir et al., 2014a; 2014b; Velzeboer et al., 2014) which are well 

documented in the marine environment. The adsorption - desorption of contaminant on/ from 

the microplastic is complicated in the soil since the soil is a heterogeneous system comprising 

much biodiversity (Hector and Hooper, 2002; Zavaleta et al., 2010), and a mixture of dynamic 

factors such as microplastic characteristics (e.g. composition, structure, binding energy and 

surface properties), release medium (e.g. pH, temperature, salinity, ionic strength and 

concentration of background electrolyte), and contamination factors (e.g. solubility, redox 

state, charges and stability) are involved (Yu et al., 2020; Wang et al., 2020; Li et al., 2018). 

Not only the contaminant, adsorption of soil nutrients (particularly essential nutrient) on the 

microplastic can change the form of nutrient (converting inorganic form to organic) within 

the soil where the availability of the nutrient often dominates soil properties and ultimately 

plant growth. Soils are effectively a temporary reservoir of nutrients for the plants. Phosphate, 

as an essential soil nutrient, undergoes several biochemical transformations, including 

conversion from the mineral phosphate to the organic phosphate that are not accessible to the 

https://link.springer.com/chapter/10.1007/978-3-030-78627-4_4#ref-CR68
https://www.frontiersin.org/articles/10.3389/fpls.2021.616645/full#B2
https://www.frontiersin.org/articles/10.3389/fpls.2021.616645/full#B53
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phosphate-organic
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plants leading to the decreased growth of plants (Liu and Chen, 2008; Doolette and Smernic, 

2010). The phosphate is considered as the energy currency of the plant that drives most 

biochemical reactions (Weil and Brady, 2016). 

 

 

1.2. Aims and objectives of the thesis  
 

The overarching aim of this thesis was to investigate the impacts of microplastics on the soil 

and plant. This was achieved through a series of laboratory experiments and a greenhouse 

experiment involving HDPE microplastic typically used in industry and ryegrass commonly 

grown on the UK soil. The experiments were carried out with and without microplastics in 

the soils of differing organic matter content (low and high organic matter soil; these soils 

were used in the incubation and greenhouse experiments). The hypotheses of this thesis were:  

 

• Microplastic has the potentiality to adsorb the phosphate and weathered microplastic 

adsorbs more phosphate than the pristine one.  

• Soil pH and concentration of the background electrolyte impact the adsorption of 

phosphate to the microplastic surface.  

• Plant growth is limited due to the reduced amount of available forms of phosphate in 

the soil.  

 

A set of objectives to test the above-mentioned hypotheses were outlined below:  

• To determine the potential of microplastic to adsorb phosphate and to determine 

whether the adsorption is reversible;  

• To determine whether the adsorption of phosphate on the microplastic is impacted by 

the pH and concentration of the background electrolyte; 

• To determine the potential of microplastic treatments to impact the soil;  

• To observe plant growth in response to the microplastic treatments.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phosphate-organic
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1.3. Outlines of the thesis 

 

This PhD thesis comprises six chapters including laboratory experiments (Chapters 3, 4 and 

5) and a greenhouse experiment (Chapter 5). The contents of each chapter are described 

briefly below:  

 

• Chapter 1 presents a general introduction on the presence of microplastic in the 

terrestrial environment, sources of microplastic and historical development of the 

microplastic research. The chapter introduces the adsorption of metals and organic 

molecules to the microplastic present in the soil. Finally, the chapter summarizes the 

hypotheses, aims, objectives and different outlines of the thesis.  

 

• Chapter 2 reviews production of plastics worldwide, characteristics and uses of major 

plastics in Europe. The chapter reviews our understanding of how microplastic is 

generated in the terrestrial environment, and the abundance and distribution of 

microplastic. The chapter briefly presents factors, processes and mechanisms that 

influence fate and transport of the microplastic in the terrestrial environment. It 

provides a comprehensive knowledge on the impacts of microplastic through 

modification of soil properties and how this affect the plants. It introduces the 

potentiality of microplastic to adsorb different elements, adsorption mechanisms and 

how various factors influence the adsorption process. The chapter briefly discusses 

the role of phosphate in soil fertility and subsequent benefits in term of plant growth, 

and also the importance of studying the adsorption of phosphate to the microplastic 

surface. Finally, this chapter identifies relevant knowledge gaps based on the current 

state of knowledge on the impacts of microplastics in the soil, and outlines the three 

key questions that this thesis aimed to answer.  

 

• Chapter 3 investigates the potential of HDPE microplastic used extensively in 

industry to adsorb one of the essential plant nutrients, phosphate. The experiment was 

done on two types of soil differing in organic matter content, low and high organic 

matter soil. The chapter determines the comparative adsorption of phosphate on the 

pristine and UV weathered microplastics. The experiment compares the phosphate 

adsorption between the microplastics and soils, and examines whether the adsorption 

is reversible.   



18 
 

• Chapter 4 investigates the changes in phosphate adsorption with the different ranges 

of pH and different concentrations of the background electrolyte. The chapter 

compares and contrasts the pristine microplastics, UV weathered microplastics, low 

organic matter soils and high organic matter soils indicating the trends in the 

adsorptions of phosphate with the changes in pH and concentration of the background 

electrolyte.  

 

• Chapter 5 aims to bring together the elements of Chapter 3 and 4, and investigates 

how microplastics interact with soil and plants. The experiment was conducted to 

clarify contradicting literature findings about the interactions between the 

microplastic, soil and plant. The incubation experiment described in this chapter was 

conducted with different combinations of microplastic and soil. The chapter measures 

the respiration rate, enzyme activity, pH, exchangeable cations, cation exchange 

capacity, cold and hot water extractable carbon, Olsen phosphorus, ammonium, 

nitrate, soil water holding capacity, water stable aggregates and pore water 

phosphorus in responses to the different microplastic treatments (including controls) 

collected from the incubation experiment. The incubation experiment was followed 

by a greenhouse experiment by transferring the incubated soils to the greenhouse to 

investigate how the microplastic interact with the soil in presence of plant roots. The 

chapter estimates the growth of plant in response to the microplastic treatments. 

 

The detailed aims of each experiment are given within the relevant chapters. A 

conceptual diagram (Figure 1.1) demonstrates the interrelation of the different 

chapters, and their relation to the research questions posed at the end of the literature 

review.  
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Figure 1.1. A conceptual diagram of the different thesis chapters, their relationship to the 

research questions posed at the end of the literature review, and their relationships to each 

other.  
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Chapter 2 
 

 

Review of literature 
 

 

2.1. Introduction 
 

Microplastics are tiny fragments of any type of plastic less than 5 mm in diameter (GESAMP, 

2015). The properties of microplastics include a higher surface area per unit mass and greater 

reactivity compared to the macroplastics (Nizzetto et al., 2016a; 2016b). Research into the 

impacts of microplastics on terrestrial ecosystems is in its infancy. Therefore, most research 

is still in its initial development phase and hence experiments are being conducted on a small 

scale. Understanding the long-term fate and behaviour of the microplastics is pivotal for 

understanding their potential impacts on the environment. This literature review will start by 

providing an overview of microplastics, their environmental fate and then go on to their 

impacts particularly in the terrestrial ecosystems. The report will also examine how different 

elements adsorb to microplastics and discuss the mechanisms and factors associated with 

these adsorptions. At the end of this review, knowledge gaps are identified regarding the 

impacts of microplastics on terrestrial ecosystems.  

 

 

2.2. Historical development of plastics  
 

Thompson et al. (2009a) defined plastics as organic polymers of high molecular 

mass containing other substances such as additives, dyes, fillers. The plastics can be used in 

a wide range of types and forms, including natural polymers, modified polymers, 

thermosetting plastics and, more recently, biodegradable plastics, mainly because of their 

versatility (PlasticsEurope, 2008, Cai et al., 2017). Due to the flexible nature, plastics can be 

transformed into any shape in order to increase their functionality, making them compatible 

for use in domestic, industrial and developmental purposes (Thompson et al., 2009a; Brach 

et al., 2018).  

 

Different types of plastics have benefited human society since 1600 BC when the ancient 

Mesoamericans processed natural rubber into figurines and bands. The first synthetic plastic, 

Bakelite, was made from phenol and formaldehyde. The surge in chemical technology led to 

https://en.wikipedia.org/wiki/Organic_polymer
https://en.wikipedia.org/wiki/Molecular_mass
https://en.wikipedia.org/wiki/Molecular_mass
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an explosion in production of different forms of synthetic plastics around the 1920s, with 

mass production beginning in the 1940s and 1950s with optimization of inexpensive 

manufacturing techniques. Development of the modern plastics expanded in the first fifty 

years of the 20th century, with fifteen new classes of polymers being synthesized (Anthony 

and Mike, 2009; Cole et al., 2014). There are currently some twenty different groups of 

plastics, each with numerous grades and varieties. Production of plastics has increased 

substantially over the last sixty years from around 1.5 million metric tons in 1950 to 

approximately 367 million metric tons in 2020 (Figure 2.1). A recent study by Andrady and 

Neal (2009) and Dehaut et al. (2016) has predicted that the net plastic production by 2050 

will be around 34 billion tons.  

 

 

 

Figure 2.1. Annual production of plastics worldwide. Production of plastic increased by 

nearly 245 fold from 1950 to 2019. Production in 2020 decreased by approximately 0.3 % 

compared to 2019 due to the impacts of Covid pandemic on the plastic industries. Data 

collected from PlasticsEurope, 2013, 2021.  

 

In Europe, packaging applications are the largest application sector representing 39.6 % of 

the total plastics demand. Construction sector is the second largest application with 20.3 % 

following the automotive sector with a share of 8.5 % of the total demand. According to 

PlasticsEurope (2017), polyethylene comprised 28 %, polypropylene 19 %, polyvinyl 

chloride 10 % and polystyrene 7 % of the total plastic productions in Europe. The 

characteristics and uses of different types of plastics in Europe are shown in Table 2.1.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2873021/#RSTB20090053C8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2873021/#RSTB20090053C8
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polystyrene
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Table 2.1. Characteristics and uses of major plastic types in Europe. 

 

Plastic type Global plastic 

usage  

(%) 

Characteristics Uses References  

Polyvinylchloride 

 

10.3 Rigid; can be blended with other 

materials; readily available; cheap; 

good tensile strength. 

Construction materials, 

non-food 

packaging, plumbing 

products, electrical cable 

insulation, clothing, 

vacuum foaming, medical 

tubing, etc. 

Kurkcu et al., 2012; 

Alzeer and MacKenzie, 

2013. 

Low density polyethylene 

 

17.2 Can be elongated under stress; 

higher tensile strength; high impact 

and puncture resistant; good 

electrical properties. 

Shopping bags, film for 

food containers, disposable 

packaging, reusable bags, 

etc. 

Kurkcu et al., 2012. 

High density 

polyethylene 

 

12.1 Large strength to density ratio; 

strong intermolecular force 

and tensile strength;  can tolerate 

higher temperatures. 

Piping for water and sewer, 

snowboards, boats, folding 

chairs, carrier bags, screw 

closures, hydraulic seals, 

biomaterial for hip, knee 

and spine implants, etc.  

Gaurav et al., 2014; 

Thompson et al., 2009a; 

2009b. 

https://en.wikipedia.org/wiki/Tensile_strength
https://en.wikipedia.org/wiki/Puncture_resistance
https://en.wikipedia.org/wiki/Tensile_strength
https://en.wikipedia.org/wiki/Temperature
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Table 2.1 (continued). Characteristics and uses of major plastic types in Europe. 

 

Plastic type Global plastic 

usage  

(%) 

Characteristics Uses References  

Polystyrene  

 

7.0 Thermoplastic; brittle; poor barrier 

to oxygen and water vapour; low 

melting point; slow biodegradation.  

Protective packaging, 

spectacles frames, plastic 

cups, clamshells; tumblers, 

disposable cutlery, etc.  

Andrady, 2011; 

Barnes et al., 2009. 

Polypropylene 

 

 

19.2 Low density; high stiffness; heat 

resistance; chemical inertness; 

steam barrier properties; good 

transparency; good hinge property; 

easy to weld; can be recycled. 

Textile, carpet backings, food 

packaging, crates, pails, 

corrugated boards, folders, 

car bumpers, dashboards, 

sewerage pipes, furniture, etc.  

Kurkcu et al., 2012. 

Polyethylene terephthalate 

 

 

7.0 Absorbs little water; gas barrier 

properties; chemical resistant, 

transparency.  

Capacitators, graphics, film 

base, recording tapes, 

pressure-sensitive adhesive 

tapes, industrial uses, blister 

packs, etc.  

Xingyou et al., 2006. 

 

 

 

https://en.wikipedia.org/wiki/Cutlery
https://en.wikipedia.org/wiki/Pressure-sensitive_tape
https://en.wikipedia.org/wiki/Pressure-sensitive_tape
https://en.wikipedia.org/wiki/Blister_packs
https://en.wikipedia.org/wiki/Blister_packs
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Table 2.1 (continued). Characteristics and uses of major plastic types in Europe. 

 

Plastic type Global plastic 

usage  

(%) 

Characteristics Uses References  

Polyurethane  

 

7.5 Thermoplastic; high reactivity; 

good tensile strength; good 

compression strength; abrasion 

resistant. 

Coating and adhesive 

industries, mattresses, 

insulation panels, conveyor belt 

systems, etc.  

Wessel et al., 2016.  

Others: 

polytetrafluoroethylene, 

polycarbonate etc. 

 

 

 

19.7 Highly flexible; resistant to acid, 

alkali, alcohols; high melting point; 

highly insoluble in most solvents; 

high electrical resistance; high 

water resistant; 250 times stronger 

than glass; high elasticity; absorbs 

little moisture; high voltage 

insulating characteristics. 

Injection, teflon coated pans, 

enclosures for electronic 

assemblies, kitchen appliances, 

keyboard keycaps, roofing 

sheets, electrical connectors, 

insulators, dialysis equipment 

parts, gamma sterilisable 

instrument covers, etc.  

Conte and Igartua, 

2012; Desale and 

Pawar, 2018; 

Gaylor et al., 2013. 

https://www.sciencedirect.com/science/article/pii/S2351978918300933#!
https://www.sciencedirect.com/science/article/pii/S2351978918300933#!
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2.3. Environmental presence of microplastics 
 

Despite having a number of benefits, several properties of plastics such as low cost, low 

density and longevity result in high usage that are causing serious ecological as well as 

environmental problems (Thompson et al., 2009a; 2009b). Many authors observed that these 

environmental problems are mostly due to the resistant characteristics of plastics (Walker and 

Xanthos, 2018). Plastics find their way to terrestrial environments through different sources 

and as a result of certain natural processes as well as anthropogenic activities. Plastics in the 

environment continue to degrade and over time become steadily smaller, eventually forming 

‘microplastics’. Different types of microplastics are found in the terrestrial environments - 

whether as intentionally manufactured microplastics leaking to the environment, fragments 

of macroplastics already present in the environment and plastics disintegrating into the 

microplastics prior to reaching the environment (Horton et al., 2017; Moore, 2008).  

 

One third of the marine plastic waste ends up in soils each year through the actions of various 

factors including activities of soil biota, agricultural practices, soil properties, and physico-

chemical properties of microplastics (Rillig et al., 2017). Other hotspots of microplastics in 

terrestrial environment have been reported in the proximity of cities, freshwater beaches and 

dams (Ballent et al., 2016; Horton et al., 2017). Microplastic concentrations could be as high 

as 7 % of the weight of soil in the case of a highly contaminated soil (Fuller and Gautam, 

2016). Microplastic originates from the scraps of plastics or plastic dust during production 

and handling of plastics in the industries, which by far is the most common source of 

microplastics in terrestrial environments. Microfibres from textile laundering are believed to 

form a significant component of microplastics entering soil, mainly through sewage sludge 

and compost applications (Hartline et al., 2016). Microfibres have been reported to still have 

their original properties in agricultural soil up to 15 years after the sludge additions (Zubris 

and Richards, 2005). Application of sewage sludge from the wastewater treatment plants as 

an organic fertiliser is a popular practice in many countries which adds microplastics to the 

terrestrial environments (Nizzetto et al., 2016b). Between 80 % and 90 % of the microplastics 

are retained in sludge varying according to the plastic type and sewage treatment used (Mahon 

et al., 2017; Talvitie et al., 2017). The application rate of sludge in European agricultural 

lands ranges from 0 % to 91 % of the dry weight of the soil (w/ w) that equates to average 

and maximum areal per capita loadings of 0.2 and 8 mg microplastics/ ha/ yr. It was estimated 

that 1,270 to 2,130 tons of microplastics per million inhabitants are annually released in 

European cities, which is equivalent to a yearly addition of 63,000 – 4,30,000 tons of 
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microplastics to croplands (Nizzetto et al., 2016a; 2016b). These figures far exceed the total 

accumulated burden of microplastics currently estimated to be present in surface water of 

global oceans. Microplastics can be released to the terrestrial environments during municipal 

waste collection, processing, transportation and landfilling. Uses of polytunnel, plastic 

greenhouse, horticultural foil, silage bailing and plastic mulch in agriculture do not degrade 

well in the soil and therefore is associated with the discharge of microplastic residues into the 

soil (Steinmetz et al., 2016) (see section 2.4.2). In some cases, plastic mulches are made with 

oxo-plastics which are sold to farmers as products not to be collected after use. Oxo-plastic 

contains a pro-degradant catalyst (salts of manganese or iron) that enhances the 

biodegradation of the oxo-plastic in presence of oxygen in the open environment. The 

biodegradability potential of the oxo-plastic is limited by climatic factors and thus its use 

adds microplastics in soil (Steinmetz et al., 2016). Studies showed that the microplastics can 

accumulate in terrestrial environments through the increasing use of organic fertiliser since 

the organic fertiliser contains significant quantities of microplastics (Weithmann et al., 2018). 

The number of microplastic particles the researchers found in the organic fertiliser ranged 

widely from 14 to 895 particles per kilogram of the organic fertiliser produced (Weithmann 

et al., 2018). Besides, microplastic can be emitted to the terrestrial environments through 

maintenance and construction activities, building of artificial turfs used in sport fields, 

abrasion of tyres, road dust, littering, irrigation with wastewater, flooding, plastic recycling, 

indoor dust (present in carpets, furniture, kitchen ware), laundry (detergent, fibres from 

garments), use of pharmaceutical products (vaccines, drugs) and personal care products 

(facewash, toothpaste, shower gel, hair care products, makeup products) as well as 

atmospheric deposition (Duis and Coors, 2016; Browne et al., 2007). Terrestrial microplastic 

contamination is estimated as being 4 to 23 times higher than the marine contamination, 

depending on the type and condition of the environment (Mahon et al., 2017; Talvitie et al., 

2017). It was hypothesised that fragmentation and weathering of plastics on land is facilitated 

through sunlight that exerts greater impact on the formation of microplastics compared to that 

in water (Horton et al., 2017).  

 

Currently there are approximately 165 million tons of plastics in the world's oceans which 

have the potential to become microplastics in due course (Walker, 2018). Distribution and 

concentration of the microplastics in the marine environment are influenced by environmental 

(Imhof et al., 2017; Kim et al., 2015) and anthropogenic factors (Sarafraz et al., 2016). Key 

environmental factors include wave currents (Kim et al., 2015), tides, cyclones, wind 

directions (Liubartseva et al., 2016; Thiel et al., 2013), wind velocity, river hydrodynamics 

https://en.wikipedia.org/wiki/Salt_(chemistry)
https://en.wikipedia.org/wiki/Manganese
https://en.wikipedia.org/wiki/Iron
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(Besseling et al., 2017), mixing and vertical redistribution in the water column (Collignon et 

al., 2012). Marine microplastic contamination originates mainly from the marine activities, 

such as accidental loss or illegal disposal during fishing or offshore drilling (Horton et al., 

2017; Moore, 2008), that can be deposited on urban beaches and pristine sediments (Andrady, 

2011; Barnes et al., 2009; Moore, 2008). Researchers speculated that nurdles, spilled into the 

oceans from shipping vessels, can add microplastics to the marine environment (Jambeck et 

al., 2015). Microplastics showed intestinal uptake in the blue mussels (Ward and Kach, 2009; 

Wegner et al., 2012), adsorption onto green algae and subsequent movement through the 

aquatic food chain via zooplankton to fish (Bhattacharya et al., 2010; Cedervall et al., 2012). 

Studies reported that the ubiquity of microplastics in the oceans affected organisms through 

entanglement (Clukey et al., 2017; Duncan et al., 2017), ingestion (Au et al., 2017; Gramentz, 

1988) and vector of transport for invasive species (Thiel et al., 2013; Clark, 1997). 

Microplastics can be used as ovipositon sites by ocean insects that affect their abundance and 

dispersion (Goldstein et al., 2012). Bacteria and algae can be attached to the microplastic 

debris that serves as a vector for spreading harmful algal blooms and faecal indicator 

organisms (Keswani et al., 2016). 

 

Majority of research conducted to date on microplastics were focused on the marine 

ecosystems while there were a few studies regarding microplastics in the freshwater 

ecosystems. Microplastics have been reported in 34 freshwater species throughout the world. 

Ingestion of microplastics has been reported by Pinheiro et al. (2017) for over 600 taxa 

(Pinheiro et al. (2017; Silva-Cavalcanti et al., 2017), being fish among the most affected taxa 

(Silva-Cavalcanti et al., 2017). 83 % of the freshwater fish ingested microplastics which were 

found in their gut (Silva-Cavalcanti et al., 2017).  

https://www.frontiersin.org/articles/10.3389/fmars.2018.00238/full#B24
https://www.frontiersin.org/articles/10.3389/fmars.2018.00238/full#B32
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Algae
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2.4. Sources of microplastics 
 

Microplastics found in the environment differ in size, shape and chemical composition that 

originate from a variety of different sources. Microplastics can be categorized as primary and 

secondary based on their origin.  

 

2.4.1. Primary microplastics 

 

Primary microplastics, marketed as micro-beads or micro-exfoliates, are microscopic in size 

and are used in facial-cleansers, cosmetics (Allen et al., 2022; Derraik, 2002), or as vectors 

for drugs (Patel et al., 2009). Other sources include medical tools, drilling fluids for oil and 

gas exploration, industrial abrasives, production scraps, pre-production plastics, plastic 

regranulates, etc. Microplastics in the skin cleaners were found to be polyethylene (PE), 

polypropylene (PP) and polystyrene (PS) having size of 74 – 420 µm. It was estimated that 

in 2012, around 6 % of the liquid skin cleaning products marketed in the Europe contain 

microplastics (Patel et al., 2009; Derraik, 2002). Most cleaning and beauty products typically 

contain 0.05 % to 12 % of the microplastic particles, of which PE and PS are the dominant 

types (Fendall and Sewell, 2009). Primary microplastics used in air-blasting technology 

(stream of air under pressure used for various technical purposes) involve blasting acrylic, 

melamine, engines and boat hulls to remove rust and paint. Raw materials used for the 

fabrication of plastic products, namely plastic resin pellets or flakes and plastic powder, are 

another important source of primary microplastics. Virgin plastic pellets typically 2 – 5 mm 

can also be considered as primary microplastics (Costa et al., 2010).  

 

2.4.2. Secondary microplastics 

 

Secondary microplastics refer to tiny plastic fragments derived from the breakdown of larger 

plastic debris due to the physical, biological and chemical processes (Thompson et al., 2004; 

Barnes et al., 2009) leading to a reduction in the structural integrity of the larger plastic debris 

(Browne et al., 2007). UV radiation in sunlight causes oxidation and photo-degradation of 

the polymer matrix that result in the bond cleavage and consequently renders the plastic to 

weather and fragment (Andrady, 2011). Secondary microplastic sources include littering, 

illegal plastic waste dumping, losses of plastics from the landfill site, sewage sludge, 

wastewater treatment plant, agricultural plastic, synthetic polymer additive used to improve 

soil quality, biowaste, plastic laminated paper, materials discarded from the merchant ships, 

fishing vessels, recreational boats and aquaculture facilities (Duis and Coors, 2016). Several 
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processes generate secondary microplastics such as abrasion from car tyres, abrasion of fibres 

from the textiles, release of fibres from hygiene products, abrasion from household plastics, 

abrasion during paint use and removal, spills, painting of ships, cars and roads (Browne et 

al., 2007).  

 

 

2.5. Properties of microplastics 
 

Physical properties of the microplastic include particle size, shape and surface area whereas 

chemical properties include polymer type, additives, surface chemistry and crystallinity. 

Potential risks posed by the microplastics largely depend on their physical and chemical 

properties (Lambert et al., 2017). 

 

2.5.1. Physical properties 

 

Particle size is important for interacting with biota as described by Montes‐Burgos et al. 

(2010). Ingestion and accumulation of microplastics by biota typically increases 

exponentially with the decreasing particle size (Lambert and Wagner, 2016; Gray and 

Weinstein, 2017). Shape determines the interaction of the polymer particles with the 

biological systems. Particles with irregular or needle-like shape may attach more readily to 

internal and external surfaces and exert a greater effect than cubic or spherical shape. For 

instance, a significant decrease in the growth of Hyalella Azteca was observed during the 

exposure to polypropylene fibres while the polyethylene beads did not show any change in 

the growth (Au et al., 2015). Surface area per unit mass increases with the decreasing 

particle size. Surface area of microplastics can be calculated by spherical equivalent diameter 

for primary microplastics whereas it can cause underestimation for irregularly shaped 

secondary microplastics (Lambert and Wagner, 2016). 

 

2.5.2. Chemical properties 
 

The plastics tend to release chemicals which include residual monomers, starting substances, 

solvents, catalysts, biocides and additives incorporated during the production, processing and 

handling of the plastics. All these chemicals released from the plastics can cause toxicity 

(Andrady, 2017). Polyvinyl chloride (PVC) contains chloride and dioxins (Mersiowsky et 

al., 2001). Polycarbonate (PC) disrupts the endocrine function and polystyrene has 

carcinogenic properties (Lithner et al., 2011). Likewise, Polyethylene terephthalate (PET) 

https://setac.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lambert%2C+Scott
https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0032
https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0027
https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0004
https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0027
https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0038
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leaches endocrine‐disrupting chemicals called phthalates (Wagner and Oehlmann, 2009). The 

rate of leaching depends on the pore diameter of the polymer, molecular size of the monomer, 

concentration in the parent plastic and degree of degradation. The plastic surface can be 

changed by the formation of the OH, O, N oxides and other photo‐generated radicals that 

causes the surface to crack and open up new surfaces leading to the formation of distinctly 

shaped microplastics that are different from the primary microbeads. Changes in the surface 

chemistry influence interaction between the microplastic particles and microbes (Stabnikova 

et al., 2021), cell uptake, retention, etc. (Ke and Lamm, 2011). Crystallinity affects the 

hydration and swelling behaviour by influencing the density and permeability. Preferential 

degradation in the amorphous region of the polymer increases overall crystallinity as size of 

the microplastic decreases (Chen et al., 2000; Gopferich, 1996). 

 

 

2.6. Fate of microplastics in the terrestrial environment  
 

A recent study showed that the global emissions of plastics will be around 53 million tons per 

year by 2030 (Borrelle et al., 2020), of which around 79 % would be landfilled or abandoned 

in the terrestrial ecosystems (Geyer et al., 2017). Soil is subjected to both primary (see section 

2.4.1) and secondary (see section 2.4.2) inputs of microplastics and thus broader research 

efforts are pivotal to understand the source, exposure, transport and fate of microplastics in 

the terrestrial environment. Microplastic is cycled through the different components of the 

environment and transported from the land to sea by surface runoff and erosion. Microplastic 

can be returned to the land from the sea during high tides and flooding (Figure 2.2). The 

extent of overall deposition, retention and transport of microplastics depends on human 

behaviour, particle characteristics, weather, topography, hydrology and environmental 

conditions (Horton et al., 2017). Low flows and changes in river depth or velocity lead to 

deposition of particulate matter, whereas high velocity and erosion could lead to mobilisation 

of previously sedimented particles. Microplastic transport within a river system can be 

influenced by surrounding land use which might affect erosion, irrigation and runoff. 

Transportation of microplastics through biopores has been identified as a possible source of 

microplastics in groundwater (Huerta Lwanga et al., 2016; Rillig et al., 2017), although 

leaching of microplastics to groundwater is largely affected by soil texture, particle size, 

density, shape, pH and ionic strength (Pachapur et al., 2016). Rapid leaching of microplastics 

takes place where there is high groundwater table and coarse soils; although the mechanism 

was not explained by Scheurer and Bigalke (2018).  

https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0044
https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0018
https://setac.onlinelibrary.wiley.com/doi/full/10.1002/ieam.1901#ieam1901-bib-0008
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ecological-effects
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrology
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/low-flows
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/particulate-matter


35 
 

 

 

 

Figure 2.2. Fate and transport of microplastics in the environment. Microplastics are released 

from different sources into the soil which are transported from the land to sea by runoff and 

erosion. Microplastics are returned to the land from the sea during through sediment retention 

and deposition. The figure was adapted from Horton et al. (2017).  

 

Microplastics might be subject to in-situ degradation, either by photodegradation or 

mechanical fragmentation (Naden et al., 2016) resulting in changes in chemical structures 

and physical properties. For example, sheets of LDPE that had been immersed for six months 

in sea water lost 1.5 – 2.5 % of their weight (Moore, 2008). Microplastics in topsoil tend to 

degrade rapidly due to direct exposure to UV radiation, increased oxygen availability, freeze–

thaw cycle, physical abrasion, higher temperature and agricultural practices (Shah et al., 

2008). Disintegration is decreased by low temperature, low oxygen levels and by fouling or 

coverage with water or sediment reducing exposure to UV radiation. Hence, photo-oxidative 

disintegration is relatively effective on a beach surface, but extremely slow in the deep ocean 

and for plastics buried in sediment or soil (Lambert et al., 2014; Hammer et al., 2012). Soil 

microbial communities and terrestrial organisms enhance biodegradation of plastics that leads 

to the progressive fragmentation from macro to microscale. For example, boring activity of 

isopods substantially contributes to the fragmentation of expanded polystyrene (EPS) used in 

aquaculture facilities (Rillig, 2012). Similarly, soil organisms, such as earthworms, that ingest 

plastic debris together with soil could contribute to the fragmentation (Yu et al., 2022; Lahive 

et al., 2022).  

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photodegradation
https://www.sciencedirect.com/science/article/pii/S0048969717302073#bb0555
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Long term storage of microplastics in the soil is promoted by incorporation of microplastics 

into the soil aggregates and consequently the soil acts as a sink of microplastics. 

Accumulations of the microplastics occur through burial where successive floods bury 

contaminated layers followed by remobilization of stored microplastics that result from the 

disturbance of the buried layers (Steinmetz et al., 2016). Particle burial reduces degradation 

potential and increases the rate of preservation in marine and lacustrine sediment profiles 

(Corcoran et al., 2015) indicating that there is the probability of a similar effect in the soil 

systems. Erosion by both water and wind transports microplastic particles across soil systems 

and eventually towards streams and rivers. Detailed mechanisms of these processes have not 

yet been investigated, however, inferences can be drawn from the wider domain of 

microplastic research (Nizzetto et al., 2016a). Nizzetto et al. (2016a) assessed the transport 

and retention of microplastics mediated by size and density, and they found that the 

microplastics having densities higher than the water (> 1 g/ cm3) can be retained in sediment 

as well as soil. Small microplastics (0.001–0.005 mm) are transported effectively, regardless 

of their densities (Nizzetto et al., 2016a). Interactions with the biota, once in the environment, 

can influence the fate and transport of microplastics in the environment. For example, 

biofouling (accumulation of microorganisms), adherence to the appendages of organisms, 

ingestion and egestion have the potential to alter the dispersal of microplastics in the 

environment leading to the trophic transfer of the microplastics (Maaß et al., 2017).
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2.7. Impacts of microplastics in the soil  
 

Currently researchers are focusing on the impacts of microplastics in the environment 

particularly terrestrial ecosystems. Most studies to date focused on the impacts of 

microplastics in the aquatic ecosystems and there are some studies regarding the impacts of 

microplastics in the terrestrial ecosystems derived mainly from the sewage sludge and 

agricultural plastic mulch (Yu et al., 2022; Kasirajan and Ngouajio, 2012; Dubaish and 

Liebezeit, 2013).  

 

 

2.7.1. Impacts on soil nutrients, properties and processes   

 

Nutrients, physico-chemical properties and processes of soil are affected by the presence of 

microplastics. Researchers demonstrated the effects of microplastics on soil carbon, nitrogen 

(Liu et al., 2017), organic matter (Boots et al., 2019), pH, bulk density, water holding 

capacity, hydraulic conductivity (Anderson et al., 2018b; Boots et al., 2019; Qi et al., 2018), 

aggregate stability (Qi et al., 2018), soil structure (Anderson et al., 2018a; Anderson et al., 

2018b), enzyme and microbial activities (Liu et al., 2017; Yang et al., 2018; Lee et al., 2014) 

as well as the nitrification process (Liu et al., 2017; Jones et al., 2004). Impacts of 

microplastics on the soil vary depending on the type, size, shape, concentration of 

microplastic, soil texture and soil intrinsic properties (pH, moisture content, etc.). For 

instance, Zhao et al. (2021) observed that the polyethylene foams and films increased the soil 

pH whereas soil pH was decreased with the addition of polyethylene fragments as discussed 

by Qi et al. (2018). Table 2.2 summarises major studies detailing the type of microplastic, 

concentration/ size, experiment type and impacts on the soil. 
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Table 2.2. Summary of selected studies detailing type, concentration, experiment type and impacts of microplastics on soil nutrients, properties and 

processes. Concentration of the microplastic is expressed as the percentage of dry weight of the soil (w/ w).  

 

Type of 

microplastic 

Concentration  

of microplastic 

Type of 

experiment 

Impacts of microplastics 

on soil 

References 

PVC  7 - 28 % 

 

Incubation  Increase in activities of fluorescein diacetate hydrolase 

and phenol oxidase; increase in the contents of C, N and 

P in dissolved organic matter; inhibition in nitrification. 

Liu et al., 2017 

PP  7 – 28 % 

 

Incubation Increase in soil microbial respiration; increase in urease, 

β-glucosidase and phosphatase enzymes.  

Yang et al., 2018 

PAC, PA, PES, 

PEHD  

2 % 

 

In situ Decrease in water stable aggregates; decrease in soil 

forming dry aggregates larger than 1 mm; decrease in 

bulk density; decrease in water holding capacity of soil; 

decrease in microbial activities.  

Anderson et al., 2018b 

PLA, PEHD, CF 0.001 - 0.100 % 

 

Laboratory  Decrease in soil pH; decrease in macro and micro 

aggregates  

Boots et al., 2019; Liang 

et al., 2021 

PA, PC, PES, PET, 

PP, PS, PU  

0.4 % Incubation Increase/ decrease in soil pH; increase/ decrease in 

activities of acid phosphatase, β-D-glucosidase, 

cellobiosidase, N-β-glucosaminidase; decrease in 

microbial respiration.  

Zhao et al., 2021 

HDPE, PP, PS, 

PET  

0.2 – 2.0 % 

 

Greenhouse Increase/ decrease in bulk density, increase/ decrease in 

water stable aggregates, change in soil structure, 

increase in evapotranspiration.  

Machado et al., 2019 

*PVC = polyvinyl chloride, PP = polypropylene, PAC = polyacrylic, PA = polyamide, PES = polyester, HDPE = high-density polyethylene, PLA = biodegradable 

polylactic acid, CF = clothing fibres, PC = polycarbonate, PET = polyethylene terephthalate, PS = polystyrene, polyurethane = PU. 
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2.7.2. Impacts on soil organisms  

 

Based on the literature, it was reported that approximately 265 species have been affected by 

the microplastic debris, of which more than 180 were soil species (Laist, 1997). Most of the 

studies regarding the impacts of microplastics on the soil organisms can be summarized as 

(a) accumulation of microplastics or additives released from the microplastics in soil 

organisms that may exert adverse effects (Rodriguez-Seijo et al., 2017; Huerta Lwanga et al., 

2017a; Gaylor et al., 2013; Rillig  et al., 2017), (b) horizontal and vertical movement of 

microplastics affecting the organisms living above and below the soil (Huerta Lwanga et al., 

2017a; Maaß et al., 2017), (c) direct ingestion and transfer of microplastics from one 

organism to another resulting in unwanted effects on their bodies (Costa et al., 2016). Soil 

species viz., earthworms (Huerta Lwanga et al., 2016; Huerta Lwanga et al., 2017a; Hodson 

et al., 2017; Rillig  et al., 2017; Rillig, 2012; Rodriguez-Seijo et al., 2017; Gaylor et al., 

2013), nematodes (Kiyama et al., 2012), microarthropods (Zhu et al., 2018a), collembolans 

(Maaβ et al., 2017; Zhu et al., 2018b), isopods (Kokalj et al., 2018), protists (Rillig and 

Bonkowski, 2018; Geisen and Bonkowski, 2017) and digging mammals (Rillig, 2012) have 

been studied to date in both field and laboratory conditions. These studies were conducted for 

investigating the potential of microplastics on the physiology of species across many 

ecological niches, although the effects varied between the species and plastic types (Moore, 

2008; von Moos et al., 2012). For example, less than 150 µm light-density polyethylene 

showed significant reductions in body weight and growth rate as well as increase in the 

mortality of Lumbricus terrestris (Huerta Lwanga et al., 2017a). High-density polyethylene 

with an average area of 0.92 mm2 acted as a vector to increase bioavailability of metal but 

there was no effect of metal on the body weight and mortality of Lumbricus terrestris (Hodson 

et al., 2017). Researches were also conducted on fitness, reproduction, ingestion, egestion 

(Huerta Lwanga et al., 2017a; 2017b; Huerta Lwanga et al., 2016; Rillig et al., 2017), 

histopathological damage and immune system (Rodriguez-Seijo et al., 2017) of earthworms 

in response to the microplastic additions. Studies showed how the activities of earthworms 

impacted on the transport, redistribution and accumulation of microplastics in the deeper soil 

layers (Huerta Lwanga et al., 2017a; 2017b; Rillig et al., 2017; Gaylor et al., 2013), and 

transfer of the microplastics from the earthworms to other organisms in the soil food web 

(Chen et al., 2013; Hong et al., 2017).  

 

Nematode, Caenorhabditis elegans, were reported to ingest and accumulate microplastics 

(0.5 to 1 μm) in their gut (Kiyama et al., 2012). Previous studies reported the significant 
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impacts of microplastics on the growth, reproduction (Maaß et al., 2017; Rillig, 2012) and 

absorption of carbon, nitrogen in the collembolan (Folsomia candida and Proisotoma 

minuta) tissues (Zhu et al., 2018b).  

 

Trophic transfer of commercial polyvinyl chloride (PVC) having 80-250 μm diameter was 

demonstrated from the prey species, Folsomia candida, to the predator, Hypoaspis aculeifer, 

ultimately influencing the transfer of PVC to other soil biota in the soil food chain (Zhu et 

al., 2018a). Microplastics from the plastic bags and facial cleansers did not affect the 

ingestion, defecation, food assimilation, mortality and body mass of the isopod, Porcellio 

scaber (Kokalj et al., 2018).  

 

Various soil-borne taxa, including ciliates, flagellates, amoebae and protists uptake 

microplastic beads depending on the size, shape and composition of the microplastic, cell 

size, degree of starvation, culture age and physiological state of the species (Rillig and 

Bonkowski, 2018). Fenchel (1980) suggested the uptake of latex microparticles (0.09 to 5.7 

mm size) in 14 species of ciliates, of which two were soil ciliates (Colpoda spp.). When 

considering flagellates, uptake and incorporation rates of microplastics are species specific 

and rely on the nutritional status of flagellates. However, amoebae can engulf whole bacterial 

colonies with their pseudopodia and thus may not be as specific in food uptake as flagellates 

(Rillig, 2012). Transfer of microplastics into the soil food chain and uptake of microplastics 

by soil protists were studied by Rillig and Bonkowski (2018), Geisen and Bonkowski (2017).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ingestion-rate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/defecation
https://en.wikipedia.org/wiki/Microparticle


41 
 

2.8. Impacts of microplastics on plants 
 

Studies showed that the microplastics can cause significant responses in plants at the 

individual, cellular and molecular levels mainly due to the changes in soil physico-chemical 

properties. However, contrary findings were found in some studies, where impacts of 

microplastics on plants vary depending on the plant species, soil characteristics, type, size, 

shape and concentration of the microplastic (Table 2.3). Qi et al. (2018) observed decrease 

in wheat growth while Zhang et al. (2015) observed improved corn quality in microplastic 

contaminated soils. Machado et al. (2019) mentioned that polyester and polyamide triggered 

significant increases in plant metabolic functions, while weaker effects were observed in 

plants exposed to high-density polyethylene, polyethylene terephthalate and polypropylene.  

 

It was well documented that the microplastics interact with the metals and organic compounds 

(Holmes et al., 2012; Rochman et al., 2014; Hodson et al., 2017; Massos and Turner, 2017) 

leading to the changes in soil properties that in turn impact on plants. This interaction between 

the microplastic and metal/ organic compound include two aspects: (a) adsorption/ desorption 

of metals and organic compounds by the microplastic particles (Abdurahman et al., 2020; 

Goedecke et al., 2017; Gregory, 1996), and (b) release of chemicals from the microplastics 

added during the manufacture of plastics (Bradney et al., 2019; Hermsen et al., 2017; Herrera 

et al., 2017). Although exact mechanisms remain unclear, decreased plant growth (Qi et al., 

2018; Lozano and Rillig, 2020; Boots et al., 2019) in microplastic contaminated soils was 

possibly due to potential stress caused by the degradation of byproducts of microplastics 

(Boots et al., 2019), nutrient immobilization (Qi et al., 2018; Rillig, 2018), reductions in 

water and/or nutrient availability (Boots et al., 2019; Machado et al., 2019), changes in soil 

pH (Lozano and Rillig, 2020; Zhao et al., 2021), interferences with the stability and formation 

of soil aggregates (Machado et al., 2019; Zhang et al., 2018). Increase in plant growth (Zhang 

et al., 2015; Tao et al., 2012) due to the presence of microplastics could be attributable to 

high carbon content of microplastics that could feed the soil microbes leading to increased 

microbial activities (Huang et al., 2019; Fei et al., 2020; Liu et al., 2017). Due to their high 

sorption capacity, microplastics play an important role in accumulating metals/ organic 

compounds leading to a significant impact on the biogeochemical cycling of these metals/ 

organic compounds (Yu et al., 2022; Akhbarizadeh et al., 2017; Bradney et al., 2019; Hosler 

et al., 1999). It is worth to be noted that no study was conducted till today regarding the 

impacts of microplastics on soil phosphorus although phosphorus is reported to be one of the 

macronutrients.  
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Table 2.3. Summary of the selected studies detailing type, concentration, size and effects of microplastics on plant parameters. Concentration of 

microplastic is expressed as the percentage of dry weight of the soil (w/ w) unless otherwise stated.  

 

 

Plant species Type 

of 

microplastic 

Concentration 

of 

microplastic 

Size of 

microplastic 

Effects on plants References 

Wheat 

(Triticum 

aestivum) 

 

PELD, PLA 1.0 % 50.0 μm – 1.0 mm  Decreases in number of fruits, root biomass, 

shoot biomass, stem diameter, area of leaf, 

plant height; increases in chlorophyll 

content, number of tillers.  

Qi et al., 2018 

 

Grasses 

(Festuca brevipila, 

Holcus Lanatus,  

Lolium perenne) 

PES, PLB 0.4 % 0.5 – 363.0 μm Increases/ decreases in root biomass, shoot 

biomass; increase in chlorophyll-a/ 

chlorophyll-b ratio; decrease in shoot 

height; inhibition in seed germination.  

Lozano and Rillig, 

2020;  

Boots et al., 2019 

 

Spring onion 

(Allium 

fistulosum) 

 

HDPE, PET, 

PES, PS, PA, 

PP 

2.0 % 8.0 – 754 μm Increases in root length, root area, root 

biomass, root: shoot ratio; decreases in leaf 

diameter, shoot biomass, leaf water content, 

leaf nitrogen content; decreases in root 

diameter, root tissue density.  

Machado et al., 

2019 

 

Maize  

(Zea mays) 

HDPE, PLB 0.1 – 10.0 % 

 

100.0 – 154.0 μm 

 

Decrease in leaf chlorophyll content Wang et al., 2020a 

Rice 

(Oryza sativa) 

PES 50.0 – 500.0 

mg/ L 

8.5 – 30.7 μm 

 

Decreases in shoot biomass, shoot length, 

root length.  

Wu et al., 2020 

Carrot 

(Daucus carota) 

PP, PS, PA, 

PET, PU, PC 

0.1 – 4.0 % 

 

4 mm Increases in root biomass, shoot biomass.  Lozano et al., 2020  

*PELD = low-density polyethylene, PLA = polylactic acid, PES = polyester, PLB = biodegradable plastic, HDPE = high-density polyethylene, PET = polyethylene 

terephthalate, PES = polyester, PS = polystyrene, PA = polyamide, PP = polypropylene, PU = polyurethane, PC = polycarbonate.  
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2.9. Role of phosphorus in soil and plant  
 

Being a macronutrient, phosphorus has garnered increasing attention due to its importance in 

maintaining soil fertility and crop production. Although most plants contain only about 0.2 

to 0.4 % P by weight (Weil and Brady, 2002), P plays a critical role in cell division leading 

to the development of new plant tissue. Phosphorus is an essential nutrient both as a part of 

the plant structural compounds (such as ATP, NADPH, nucleic acids, phospholipids, plasma 

membranes and sugar-phosphates) and as a catalyst in the conversion of numerous 

biochemical reactions in plants (Stigter and Plaxton, 2015). Phosphorus is noted especially 

for its role in capturing and converting the sun's energy into the useful plant compounds 

during the photosynthesis (Carstensen et al., 2018). Phosphorus is a vital component of DNA 

and also RNA, which determine the genetic code to build proteins and other compounds 

essential for plant structure and genetic transfer. The structures of both DNA and RNA are 

linked together by phosphorus bonds. Phosphorus acts as a vital substrate for a host of 

physiological processes, such as respiration, signal transduction, energy metabolism (Burman 

et al., 2009), metabolism of carbon and nitrogen compounds and carbohydrate transportation 

(Béne et al., 2015).  

 

Available literature suggested that the phosphorus deficiency disturbs the physiological 

processes of the plant which in turn leads to the stunted growth of plant. The stunted plant 

growth induced by phosphorus deficiency was correlated with smaller leaf sizes and a 

lessened number of leaves. The most common phosphorus deficiency symptoms (visual 

symptoms) include: (1) affects older and lower leaves first, (2) bright red stems, (3) leaves 

become dark in colour particularly blue/ dark green/ purple, (4) leaves become shiny, thick 

and stiff with yellow patches (Zambrosi et al., 2014). Insufficient soil P can result in delayed 

crop maturity, reduced flower development and decreased crop yield (Béne et al., 2015; Sun 

et al., 2016). Phosphorus deficiency can alter the metabolism and translocation of the 

carbohydrates, such as soluble sugars and organic acids. Increased accumulation of 

carbohydrates, especially sucrose, was observed in the leaves of many plant species under P 

deficiency which caused darkening of the leaves (Dong et al., 2004). Secretion of organic 

acids is one of the most important low-P responses in plants, which dissolves soil P via 

acidification and complexation, and confers differing levels of low-P tolerance in crops 

(Dong et al., 2004).

https://www.frontiersin.org/articles/10.3389/fpls.2021.679916/full#B19
https://www.frontiersin.org/articles/10.3389/fpls.2021.679916/full#B12
https://www.frontiersin.org/articles/10.3389/fpls.2021.679916/full#B12
https://www.frontiersin.org/articles/10.3389/fpls.2021.679916/full#B111
https://www.frontiersin.org/articles/10.3389/fpls.2021.679916/full#B111
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2.10. Sources of phosphorus in the soil 
 

Phosphorus is usually considered a limiting nutrient because plants require large amounts 

of P on a daily basis, but the quantities of P in the soil solution is low, typically ranging from 

0.3 to 3.0 kg/ ha (Mengel et al., 2001). Phosphorus concentration is in the range of 500 to 

10,000 kg/ ha in the upper 50 cm of the soil (Weil and Brady, 2002). Low P concentration in 

the soil is typically due to the high rate of chemical fixation and slow diffusion property of 

the P (Meng et al., 2021). Thus, humans often apply phosphate fertilisers for the better 

development of the plants. Common sources of organic phosphorus fertiliser include 

phosphate rock, colloidal phosphate, bat guano (bird feces), steamed bone meal, fish bone 

meal, poultry manure and compost. Naturally occurring phosphate rock is a slowly soluble P 

source containing 4 to 20 % of total P expressed on the basis of nominal phosphorus 

pentoxide (P2O5) concentration (Meng et al., 2021). Limestones and mudstones are common 

phosphate bearing rocks. The phosphate rock is washed and then dried in a lagoon. The dried 

by-product is known as colloidal rock phosphate. Clay is added to the colloidal rock 

phosphate and hence this is called soft rock phosphate, although it is no softer than the regular 

rock phosphate (Barker, 2019). Bat guano and bone meal are among the less commonly cited 

P sources but can have high P contents. Bat guano contains P ranging from 7 to 12 % and 

bone meal has a P content between 1 and 9 % (Nelson and Janke, 2007). Bone sources of P 

are more readily absorbed by plants (Nelson and Janke, 2007). Although the manures and 

composts are organically based P sources, the majority of the P present in soil is inorganic 

and readily available to the plants. Inorganic P accounts for about 75 to 90 % of the total P 

present in the manure and compost (Eghball et al., 2002). Previous study (Leytem and 

Westermann, 2005) showed that the P uptake from the manure and compost was equal to or 

greater than the P uptake from commercial P fertilisers. The most common phosphate 

fertilisers that are chemically produced (manufactured in the industry) include 

superphosphate (9.0 % P), double superphosphate (17.5 % P), triple superphosphate (20.0 % 

P), monoammonium phosphate (21.0 % P), diammonium phosphate (20.0 % P) and 

ammonium polyphosphate (P concentration not found) (Green, 2015).  

 

https://en.wikipedia.org/wiki/Phosphorus_pentoxide
https://en.wikipedia.org/wiki/Phosphorus_pentoxide
https://en.wikipedia.org/wiki/Limestone
https://en.wikipedia.org/wiki/Mudstone
https://journals.ashs.org/horttech/view/journals/horttech/17/4/article-p442.xml#B34
https://journals.ashs.org/horttech/view/journals/horttech/17/4/article-p442.xml#B70
https://journals.ashs.org/horttech/view/journals/horttech/17/4/article-p442.xml#B70
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2.11. Phosphorus loss pathways  
 

According to Jarvie et al. (2013) and  Kerr et al. (2016), phosphorus is lost from the soil by 

(1) erosion, (2) surface runoff, (3) crop harvesting and (4) leaching. Panagos et al. 

(2022) and Orgiazzi et al. (2018) estimated that approximately 25 % of the P applied annually 

to the agricultural soil is uptaken by the growing crops, the remaining 75 % becomes bound 

in the soil profile or is lost to the water. As the major part of the soil P is tightly adsorbed to 

the mineral particles, bound within the soil organic matter, P is typically lost from the soils 

to water bodies via erosion by water. Alewell et al. (2020) predicted that the agricultural soils 

worldwide will be depleted by 4 to 19 kg ha−1 yr−1, with average losses of P due to the erosion 

by water contributing over 50 % of the total P losses. Surface runoff carries away both the 

dissolved P and particulate (eroded soil particles) P from the soil surface. Surface 

runoff typically occurs when the precipitation rate exceeds the infiltration capacity of the soil, 

or when the soil is already saturated and cannot absorb any more water. The amount of P loss 

in the runoff, is governed by the amount and intensity of the precipitation, climate and soils. 

Phosphorus is uptaken by the plants and is removed from the soil when the agricultural crop 

is harvested or the grass is grazed. Leaching is the loss of soluble P from the sub-surface 

soil as water percolates vertically down the soil profile. Since P is a limiting nutrient, 

P fertilization is typically required to meet the crop demand leading to the build-up of P in 

the soil. Excess P (soluble form of the P) is leached from the sub-surface soil as water 

percolates vertically down the soil profile (Orgiazzi et al., 2018).  

 

 

2.12. Fate and behaviour of phosphorus in the soil  
 

Phosphorus exists in four different pools of the soil on the basis of its availability to the plants. 

Once the phosphorus enters the soil through various sources, P cycles between several 

P pools via different processes viz., weathering, precipitation, mineralization, 

immobilization, adsorption and desorption (Figure 2.3). Weathering, mineralization and 

desorption increase the plant available P whilst immobilization, precipitation and adsorption 

decrease the plant available P. Phosphorus exists in different pools (soil solution P, mineral 

P, adsorbed P and organic P) of the soil on the basis of its availability to the plants. Different 

forms of P present in the soil are governed by the soil and fertiliser characteristics, soil organic 

matter content, clay content, cation exchange capacity, soil pH, initial P status, soil sorption 

strength, soil exchangeable Ca, Fe, Al and soil moisture content (Liu and Chen, 2008).  

 

https://www.frontiersin.org/articles/10.3389/feart.2018.00135/full#B52
https://www.frontiersin.org/articles/10.3389/feart.2018.00135/full#B101
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Figure 2.3. Phosphorus pools in the soil. The phosphorus transformation processes are 

weathering-precipitation, mineralization-immobilization, and adsorption-desorption. 

Weathering, mineralization and desorption increase plant available phosphorus. 

Immobilization, precipitation and adsorption decrease plant available phosphorus. The figure 

was adapted from Lal (2017).  

 

Phosphorus in the soil solution is completely accessible but this makes up only a minute 

fraction of the total soil P. Plants uptake P from the soil solution as orthophosphate ion (either 

HPO4
2- or H2PO4

-). The proportion in which these two forms are absorbed is determined by 

soil pH. For example, more HPO4
2- is taken up at higher soil pH whilst H2PO4

2- is 

predominately uptaken by the plants at lower soil pH (Parham et al., 2002). High 

concentrations of H+ shift the equilibrium to the more protonated form according to the 

equation: HPO4
2-+ H+ ↔ H2PO4

- (Meng et al., 2001). The bulk of the soil P is virtually 

inaccessible. More than 90 % of the total P present in soil is present as insoluble (non labile) 

which includes primary phosphate minerals (e.g. phosphate rock), adsorbed P (adsorption of 

P onto Ca, Fe, Al compounds, clays, and silicate minerals) and organic P (occurs in plant 

residues and soil organic matter). Non labile fraction is a source of slowly available P (Meng 

et al., 2001). A proportion of the insoluble P is more accessible than that of the bulk reserves 

which is the labile fraction of P. In this labile fraction, P is in rapid equilibrium with the soil 

https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://en.wikipedia.org/wiki/Phosphate_rock
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solution P. Removal of P from the soil solution by plant roots disturbs the equilibrium 

between the soil solution, P concentration and the labile pool at the solid soil phase which 

leads to a release of P into the soil solution (Meng et al., 2001).     

 

 

2.13. Adsorption to the microplastic 
 

2.13.1. Adsorption mechanisms  
 

Microplastics adsorb metal and organic compounds because of their large surface area and 

hydrophobicity. Previous studies reported that the primary mechanisms by which 

microplastics adsorb organic molecules in the aquatic environment include hydrogen 

bonding, π–π interaction, electrostatic interaction, Van der Waals force and pore filling 

mechanism (Martinho et al., 2022; Lee et al., 2013; Liboiron et al., 2016; Liebezeit and 

Dubaish, 2012) as shown in the Figure 2.4.  

 

 

 

Figure 2.4. Adsorption of organic compound to the microplastic through several mechanisms. 

The mechanisms are hydrogen bonding, π–π interaction, electrostatic interaction, 

hydrophobic interaction, Van der Waals force and pore filling mechanism.  

 

Hydrogen bonds are weak electrostatic interactions involving H+ ions and can affect the 

adsorption on the microplastic when proton donor and proton acceptor groups are involved 

(Liu et al., 2019). Zhang et al. (2018b) reported that the adsorption of oxytetracycline onto 

the polystyrene (PS) was due to the hydrogen bonding since the surface of the PS contained 

carboxyl and ester carbonyl groups. Li et al. (2018) demonstrated that the amide group 

https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib50
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(proton donor group) of polyamide (PA) and the carbonyl group (proton donor group) of 

amoxicillin (AMX), tetracycline (TC), and ciprofloxacin (CIP) formed the hydrogen bonds 

enhancing the sorption affinities of the AMX, TC, CIP on the PA.  

 

For the microplastics with benzene rings in their structure, π–π interaction is a key driving 

force that acts between the aromatic molecules (Bakir et al., 2014). Huffer and Hofmann 

(2016) studied the sorption behaviour of seven aliphatic and aromatic organic compounds (n-

hexane, cyclohexane, benzene, toluene, chlorobenzene, ethylbenzoate, naphthalene) to the 

polyamide (PA), polystyrene (PS), polyvinyl chloride (PVC) and polyethylene (PE) 

microplastics in the aqueous solution. Hüffer and Hofmann (2016) reported that the sorption 

capacity of the PS was the highest, which was likely because of the π–π interaction between 

the aromatic phenyl group of the PS and the aromatic organic compound. Liu et al. (2019) 

showed that the sorption capacity of the PS for ciprofloxacin (CIP) reached the highest earlier 

than the PVC, because the π–π bond enhanced the interaction between the microplastic and 

CIP. The sorption capacity of the PS for tetracycline (TC) was greater than that of the 

polyethylene and polypropylene which might be due to the presence of a benzene ring in both 

the PS microplastic and TC. The benzene ring enhanced the sorption of TC to the microplastic 

via polarity and π–π interaction (Xu et al., 2018a). Furthermore, the π–π electron-donor–

acceptor (EDA) interaction involves a special noncovalent attraction between the electron 

donor and the electron acceptor. For example, Wang et al. (2019) reported that the π–π EDA 

interaction influenced the sorption of nitrobenzene to the polystyrene (PS) microplastic. The 

PS acted as a π-electron donor and nitrobenzene acted as a stronger π-electron acceptor due 

to the strong electron-withdrawing nitro group and electron-depleted benzene ring (Wang et 

al., 2019).  

 

Electrostatic interaction occurs when both the microplastic and the organic compound have 

electric charges. Typically the electrostatic interaction occurs at a specific pH (Wang et al., 

2020a). If the pH of the adsorption environment exceeds the point of zero charge (PZC) of 

the microplastic, their surface becomes negatively charged and electrostatically attract 

positively charged compounds. However, when the pH of the adsorption environment is 

below the PZC of the microplastic, they are deprotonated and exist in an anionic form causing 

electrostatic repulsion and thus, inhibit the adsorption of the negatively charged compounds 

(Wu et al., 2019; Wang et al., 2020b). Li et al. (2018) studied the sorption behaviour of five 

antibiotics namely sulfadiazine (SZD), amoxicillin (AMX), tetracycline (TC), ciprofloxacin 

(CIP) and trimethoprim (TMP) to the microplastics and observed that the CIP had the highest 
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sorption capacity than the other antibiotics. In the freshwater system, the SZD, AMX, TC and 

TMP were in zwitterionic and anionic forms, while the CIP was in cationic form. The 

polyethylene (PE), polystyrene (PS), polyester (PES), polyamide (PA) and polyvinyl chloride 

(PVC) used in the study were negatively charged (pH was higher than the PZC) enhancing 

the sorption capacity of the cationic CIP by the electrostatic attraction (Li et al., 2018). Li et 

al. (2019) reported that the sorption affinity of the triclosan (TCS) on the polystyrene (PS) 

microplastic decreased with the increasing pH from 6 to 11. At this pH range (6 to 11), the 

TCS was in the anionic form, and the negative charges of the TCS increased with the increases 

of the pH. Thus, electrostatic repulsion between the TCS and negatively charged PS increased 

which reduced the sorption affinity of the TCS. 

 

The adsorption of the 9-nitroanthrene (9-NAnt) by the polyethylene (PE), polypropylene (PP) 

and polystyrene (PS) (Zhang et al., 2020), adsorptions of the perfluorooctane sulfonate 

(PFOS) and perfluorooctane sulfonamide (FOSA) by the PE (Wang et al., 2015), and 

adsorptions of the 4-chlorophenol (MCP), 2,4-dichlorophenol (DCP) and 2, 4,6-

trichlorophenol (TCP) by the polyethylene terephthalate (PET) took place due to the 

hydrophobic interactions (Liu et al., 2020). The octanol/water partition coefficient (Kow/ 

LogKow) represents the hydrophobicity of a substance (Zhang et al., 2012). Organic 

compounds with high LogKow values are likely to be absorbed by the microplastics more 

easily. Fang et al. (2019) observed that the fungicides were adsorbed by the PS which were 

consistent with their respective LogKow values. While studying the behaviour of the bisphenol 

adsorption on the microplastic, Wu et al. (2019) observed a strong linear relationship between 

the equilibrium adsorption efficiency and the LogKow value, indicating that the hydrophobic 

interaction is the primary mechanism by which the microplastic adsorbs bisphenol.  

 

According to Guo et al. (2012), PE microplastics are nonpolar without specific functional 

groups and could only interact with the organic compounds (phenanthrene, naphthalene, 

lindane, and 1-naphthol) by Van der Waals force. Xu et al. (2018b) found that both the 

sulfamethoxazole (SMX) and PE were negatively charged under experimental pH of 6.8. The 

hydrophobic interaction and electrostatic interaction could not explain the sorption of the 

SMX sorption on the PE, which might be attributed to the Van der Waals interaction. 

Furthermore, the partition effect refers to the distribution of the target organic molecule 

between the adjacent water layer on the surface of the microplastic and the host solution, and 

mainly relies on the Van der Waals forces as a form of linear adsorption (Liu et al., 2016). 

The n value of the adsorption isotherm, corresponding to the adsorption of the aliphatic and 
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aromatic organic compounds by the polyethylene (PE) microplastic is approximately 1, 

indicating the strong linearity. Therefore, the aliphatic and aromatic organic compounds are 

adsorbed to the microplastics via the partition effect (Hüffer and Hofmann, 2016). Guo et al. 

(2019) applied the Freundlich model to confirm that the n value for the adsorption of 

antibiotics by the polyethylene (PE) and polystyrene (PS) is also around 1 suggesting that the 

isotherm is linear. Therefore, the partition effect is also an important mechanism by which 

the microplastics adsorb the organic compounds. Liu et al. (2019) revealed that the 

adsorptions of the diethyl phthalate (DEP) and dibutyl phthalate (DBP) by the PE and PS 

were due to the partition effects since the adsorption isotherms were strongly linear.  

 

It was reported that there are many pores of different sizes in the microplastic particles (Guo 

et al., 2018; Zhang et al., 2018b) and thereby, the organic compounds can enter the pores and 

may be trapped in those pores. Zhang et al. (2018b) observed that the sorption of 

oxytetracycline (OTC) by beached and virgin polystyrene (PS) foam involved the pore-filling 

mechanism. The beached PS foam adsorbed more than the virgin PS foam, which was 

attributed to the higher micropore area of the beached foam. The micropore area of the virgin 

PS foam was 0.004 ± 0.02 m2/ g, but the micropore area of the beached PS foam was 0.50 ± 

0.02 m2 /g. The average pore diameter of the virgin PS foam was five times more than the 

beached PS foam. Zhang et al. (2017) illustrated that the sorption capacity of the PS to the 

OTC was significantly higher than that of PE, which was mainly because the PS had more 

folds and pore structure than the PE particles.  

 

A number of studies (Decho, 2000; Rochman et al., 2014; Turner, 2016; Catrouillet et al., 

2021) have reported the adsorption of metals to the microplastics in the aquatic environment 

although as far as the author is aware no study until today has determined the mechanism by 

which the metal is adsorbed to the microplastic surface. It was hypothesised that this 

adsorption is caused by either the specific or the non-specific interactions between the metal 

and microplastic (Zhou et al., 2020). Presumably, metal adsorption proceeds through the 

specific interactions between the metal cations (e.g. Cu2+)/ oxyanions (e.g. CrO4
2−) with the 

polar regions of the plastic surfaces, or via the non-specific interactions between the metal-

organic complexes adsorbed in the neutral regions and the hydrophobic surfaces of the 

microplastics (Holmes et al., 2012). Ashton et al. (2010) hypothesised that the mechanisms 

of accumulating metals to the microplastics in the water body was related to the co-

precipitation or adsorption on the hydrated oxides of Fe and Mn. Tang et al. (2021) assumed 

that the divalent metal cation (e.g. Ni2+, Cu2+, and Zn2+) might interact with 

https://www.sciencedirect.com/science/article/pii/S0301479721020570#bib164
https://www.sciencedirect.com/science/article/pii/S0301479721020570#bib6
https://www.sciencedirect.com/science/article/pii/S0301479721020570#bib127
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the carboxylate anion present on the microplastic through the electrostatic attraction leading 

to the adsorption of the divalent metal to the microplastic. In a study by Guo and Wang 

(2019), it was hypothesised that the adsorption of metal onto the microplastic occurs due to 

(i) the surface diffusion of metal on the microplastic film; (ii) the pore volume diffusion of 

metal in the microplastic; (iii) the adsorption on the accessible active sites.  

 

 

2.13.2. Adsorption isotherms  

 

Adsorption isotherm is the relationship between the amount of adsorbate in the liquid phase 

and the adsorbate adsorbed on the surface of the microplastic at equilibrium at constant 

temperature (Zhang et al., 2020).  

 

2.13.2.1. Langmuir adsorption isotherm 

 

The Langmuir adsorption isotherm makes several assumptions about the system in which the 

adsorption to the microplastic is occurring. These assumptions are: (i) the surface of the 

sorbent is homogeneous, (ii) each surface site on the adsorbent can accommodate only one 

adsorbate from solution (monolayer coverage), and (iii) there is no interaction between the 

adsorbate molecules once they are adsorbed (Jalali and Moharrami, 2007; Zhou et al., 2018). 

Langmuir binding constant (b) in the Langmuir model is an important parameter for 

measuring the strength of the attraction between the surface and the adsorbing molecule (Liu 

et al., 2019). A number of studies showed that the adsorptions on the microplastics were best 

described by the Langmuir isotherms indicating that the adsorptions involved the monolayer 

adsorption. For example, adsorption of levofloxacin (OFL) onto PVC microplastic (Yu et al., 

2020), adsorption of tri-n-butyl phosphate, tris-(2,3- dibromopropyl) isocyanurate and 

hexabromocyclododecanes on PP microplastic (Liu et al., 2018) were best described by the 

Langmuir isotherms.  

 

The equation for the Langmuir adsorption isotherm is:  
 

𝐶𝑠

𝐶𝑎𝑞
=

𝑏𝐶𝑆𝑀

1 + 𝐶𝑎𝑞𝑏
                                                 

Where 𝐶𝑠 (mg/ kg) is the adsorption capacity; 𝐶𝑎𝑞 (mg/ L) represents the equilibrium solution 

concentration; 𝐶𝑆𝑀 (mg/ kg) is the theoretical monolayer capacity and b (L/ mg) is the binding 

constant (Sposito, 2004; Sparks, 2003).  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carboxylates
https://www.sciencedirect.com/topics/engineering/electrostatic-attraction
https://www.sciencedirect.com/science/article/pii/S0301479721020570#bib44
https://www.sciencedirect.com/science/article/pii/S0301479721020570#bib44
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/surface-diffusion
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib98
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib38
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib38
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib95
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib95
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2.13.2.2. Freundlich adsorption isotherm 
 

In contrast to the Langmuir adsorption isotherm, the Freundlich adsorption isotherm assumes 

that the adsorbent has a heterogeneous surface (Jalali and Moharrami, 2007; Zhou et al., 

2018). Therefore, this isotherm can be used to model multi-layer adsorption (Jalali and 

Moharrami, 2007; Zhou et al., 2018). Unlike the Langmuir isotherm, no maximum adsorption 

value can be calculated using the Freundlich adsorption isotherm (Stumm and Morgan, 1996). 

The Freundlich constant (Kf) of the Freundlich model largely depends on the interactions 

between the adsorbent and the microplastic. The parameter 1/ n in the Freundlich model 

indicates the surface heterogeneity, suggesting that the adsorption decreases as the adsorbate 

concentration increases as there are no sites on the microplastic available for further sorption. 

Typically the value of 1/ n is 0 < 1/ n < 1 (Sposito, 2004; Sparks, 2003). Researchers (Li et 

al., 2021; Wang et al., 2020a; Zhang et al., 2018a; Liu et al., 2019) used the Freundlich 

models to fit the adsorptions on the microplastics indicating that the processes involved 

multilayer adsorption. For example, adsorption of the pesticides on the polyethylene (PE) 

microplastic (Li et al., 2021), adsorption of triclosan on the polyethylene (PE) and 

polyhydroxybutyrate (PBT) microplastics (Tong et al., 2021) were best described by the 

Freundlich isotherms.  

 

The equation for the Freundlich adsorption isotherm is:  

                                      𝐶𝑠 = 𝐾𝑓𝐶𝑎𝑞
     1/𝑛 

 

Where Cs is the equilibrium solid phase concentration (mg/ kg), Kf is a Freundlich constant, 

Caq is the equilibrium solution concentration (mg/ L) and 1/ n is another Freundlich constant, 

the heterogeneity factor (Sposito, 2004; Sparks, 2003).  

 

 

2.13.3. Factors affecting adsorption to microplastic   
 

Previous studies observed that the adsorption of metals and organic molecules to the surfaces 

of microplastic in aquatic ecosystems is significantly affected by microplastic properties 

(particle size, specific surface area, crystallinity, functional groups, polarity) and a range of 

environmental factors (weathering, pH, temperature, ionic strength/ concentration of the 

background electrolyte) (Martinho et al., 2022; Ateia et al., 2022; Zhang et al., 2020; Fastelli 

https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib48
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib48
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/crystallinity
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib98
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et al., 2016). Figure 2.5 summarises how the factors influence the adsorption capacity of 

microplastics in aquatic ecosystems.  

 

 

 

 

Figure 2.5. Factors affecting the adsorption of hydrophobic organic pollutant on the 

microplastic. MP = microplastic, SSA = specific surface area, HOC = hydrophobic organic 

compound. A combination of the physicochemical properties of the microplastic, properties 

of the organic pollutant and surrounding environmental factors influence the adsorption on 

the microplastic. Plus sign (+) indicates the positive effects and minus sign (-) indicates the 

negative effects. The figure was adapted from Wang et al. (2020a).  

 

 

https://www.sciencedirect.com/science/article/pii/S0147651321003183#fig0020
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2.13.3.1. Microplastic particle size and specific surface area 
 

Theoretically the smaller the particle size and the larger the specific surface area (SSA) of the 

microplastic, the greater their number of adsorption sites and the amount of organic 

compound they can adsorb (Figure 2.5). For example, the adsorption of 3,6 dibromocarbazole 

to the polypropylene (PP) was 28 % when the particle size of the PP was 2 mm whilst the 

adsorption was 12 % with the 5 mm PP (Zhang et al., 2019). Wang et al. (2019) reported that 

the adsorption of the nitrobenzene increased when the specific surface area (SSA) of the 

polyester (PES) was increased from 0.4 m2/ g to 27.6 m2/ g. The particle size of the 

microplastic is not always inversely proportional to their SSA. The measured SSA (63.4 m2/ 

g) of 50 nm PS was lower than the theoretical value of 114.3 m2/ g, which may be due to the 

agglomeration of PS and subsequent decrease in SSA (Wang et al., 2019). Thus, the log 

Kd values of 50 nm PS was lower than that of 235 nm PS. The adsorption capacity of 2 μm 

PS was lower than that of 10 μm PS, which may also due to the agglomeration of PS and 

consequent decrease in SSA (Enders et al., 2015). Previous studies reported that microplastic 

of smaller size are less stable than larger particles. 70 nm polystyrene (PES) particles could 

aggregate into 361 nm aggregates in seawater within 6 weeks (Velzeboer et al., 2014) 

whereas 30 nm PS could rapidly aggregate into 968 nm aggregates within 16 min (Wegner et 

al., 2012). Therefore, the effect of particle size on the adsorption capability of microplastics 

is due to the combined effects of particle size and agglomeration. Particle size only affects 

the adsorption capacity of microplastics within a certain range and ultimately depends on the 

SSA. 

 

2.13.3.2. Crystallinity 

 

In the natural environment, microplastics usually contain crystalline and amorphous regions. 

For instance, polyethylene (PE) and polyamide (PA) have semi-crystalline structures whereas 

polyester (PS) and polyvinyl chloride (PVC) have amorphous structures (Guo et al., 2019). 

The crystalline region, which has regularly arranged molecular segments, is held together 

strongly and can easily be condensed, while the amorphous region has irregular molecular 

segments and is loose (Teuten et al., 2009). The amorphous region of the microplastic has a 

larger free volume and organic molecules show a greater affinity for this amorphous region 

than the crystalline region, indicating that, the higher the crystallinity of the microplastic, the 

weaker their adsorption capacities for the organic molecule (Figure 2.5). The complexity, 

chain configuration, and glass transition temperature (Tg) of the microplastic affect the 

crystallinity of the microplastic. The Tg represents the temperature at which the amorphous 

https://www.sciencedirect.com/science/article/pii/S0147651321003183#fig0020
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib78
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib78
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib12
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib73
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib86
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib86
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib71
https://www.sciencedirect.com/science/article/pii/S0147651321003183#fig0020
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/glass-transition-temperature
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region of the plastic changes from a rubber-like to a glass-like form. At the glass transition 

temperatures of the polybutylene succinate (PBS) and polylactic acid (PLA), PBS appears as 

a rubbery polymer, while PLA appears as a glassy polymer. Molecular links in the glassy 

polymer (PLA) are dense and cross-linked, which hinders the movement of the organic 

compounds. Therefore, PBS has a greater fipronil (insecticide) adsorption capacity than the 

PLA (Gong et al., 2019).  

 

2.13.3.3. Functional groups and polarity 

 

The functional groups and polarity of the microplastics determine 

their sorption behaviours. Hüffer and Hofmann (2016) studied the adsorption properties of 

the PA, PE, PVC, PS, and found that the PS had the strongest adsorption capacity due to a 

strong π–π interaction between the PS and toluene, facilitating high levels of adsorption. The 

roles of the functional groups and polarity of the microplastic for influencing the adsorption 

process were discussed in detail in the section 2.13.1.  

 

2.13.3.4. Weathering 

 

Microplastics undergo changes in their surface structures and functional groups due to the 

external environmental factors, including the ultraviolet radiation, water (corrosion) and 

temperature (Zhang et al., 2018a). As the microplastics age, some of their bonds including 

the C-H and C-C are oxidized (Lang et al., 2020). The resultant oxygen-containing functional 

groups increase their hydrophilicity or strengthen the hydrogen bonds between the 

microplastics and organic molecules, thereby improving their adsorption capacity. The PVC 

exhibits characteristic peaks of carbonyl and vinyl esters following the photo-induced 

weathering (Liu et al., 2018). The PS has characteristic peaks of the carbonyl and phenolic 

hydroxyl in their structure following the high-temperature weathering (Ding et al., 2020). 

The tensile vibrations of peroxy-radicals (C-O), C-OH, and C=O present in the high-

temperature weathered PS indicated an increase in the number of oxygen-containing 

functional groups (Mao et al., 2020). The hydrogen bonds, formed between the weathered PS 

and organic compounds, are thus, increased the adsorption capacity of the PS particles for the  

organic compounds (Ding et al., 2020; Liu et al., 2018). In contrast, the weathering of the 

microplastics decreases their adsorption capacity for hydrophobic organic compounds. Juan 

et al. (2020) observed that the adsorption of 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47) by 

the weathered PS was lower than that of the pristine PS.  

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fipronil
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib17
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sorption
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib30
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib100
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib36
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib9
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib54
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib9
https://www.sciencedirect.com/science/article/pii/S0147651321003183#bib45
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2.13.3.5. pH 

 

Under different pH levels, microplastics and organic compounds contain different charges 

that affect the adsorption process. Increases in the pH promote the dissociation of the 

dissociable organic compounds resulting in the formation of negatively charged hydrophilic 

substances, which reduces the hydrophobic effect and triggers electrostatic repulsion between 

the microplastic and organic compound. Wang et al. (2015) reported that the perfluorooctane 

sulfonate (PFOS) adsorption capacity of the PS increases as the solution pH decreases. With 

a decrease in the pH from 7 to 3, the level of the PFOS adsorption onto the PS increases from 

0 to 0.3 μg/ g. At the pH 3.0 – 7.0, PFOS predominantly exists in its anionic form, and the 

surface of the PS becomes protonated when the pH decreases which increases the 

PFOS adsorption by the PS (Wang et al., 2015). 9-nitroanthrene (9-NAnt) adsorption 

capacities of the PP and PS decrease as the pH increases. When the pH exceeds 7, the negative 

potential of the PP, PS and polarity of 9-Nant increase, resulting in strong electrostatic 

repulsion between the microplastics and 9-Nant (Zhang et al., 2020).  

 

2.13.3.6. Ionic strength/ concentration of the background electrolyte  

 

When the organic compounds are adsorbed by the microplastics via an electrostatic 

mechanism, the salt ions in water and organic substances compete for the adsorption sites on 

the microplastics, thereby reducing the adsorption of organic compounds. When the 

mechanism is related to the hydrophobicity, the presence of salt ions induces the “salting out” 

effect, which lowers the solubility of the organic compounds and promotes their hydrophobic 

interaction with the microplastics. Zhang et al. (2018b) studied the influence of the ionic 

strengths of NaCl, CaCl2, and Na2SO4 on the oxytetracycline (OTC) adsorption by the PE 

and the findings demonstrated that the adsorption of OTC by the PE decreased with the 

increasing ionic strength. The Ca2+ and Na+ compete with the OTC for cation exchange sites 

on the surface of microplastics. Zhang et al. (2018b) observed that the adsorption of the OTC 

by microplastics in presence of CaCl2 was stronger than that in the presence of NaCl or 

Na2SO4, indicating that ternary complexes formed between OTC, Ca2+ and the functional 

groups on the surface of the microplastics thereby promoting the adsorption. The presence of 

Ca2+ and Na+ decreased the adsorption of 9-NAnt by PP and PS, as the ions occupy the 

adsorption sites on the surfaces of microplastics. High Na+ concentrations increase the 

density and viscosity of the solution and hinder the movement of 9-NAnt from the solution 

to the surface of microplastics (Zhang et al., 2020). The triclosan (TCS) adsorption capacity 

increases with the increases in the NaCl concentration. When the NaCl content increased 
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from 8.75 % to 35 %, the adsorption capacity of the PVC for the TCS increased by 43.8 % 

(Ma et al., 2019). This is primarily due to the “salting out” that occurred during the 

adsorption, which reduced the solubility of TCS in solution and promoted the adsorption of 

TCS onto the PVC as described by Fang et al. (2019).  

 

2.13.3.7. Temperature 
 

Temperature can significantly affect the adsorption capability of the microplastics. Under 

lower temperature conditions, organic compounds can be easily adsorbed onto the 

microplastics as the surface tension of adsorption increases and solubility of organic 

compounds in water decreases. Therefore, the distribution of the organic compounds on the 

surface of the microplastics increases, resulting in a greater level of adsorption (Zhan et al., 

2016). Zhan et al. (2016) reported that the adsorption of 3,3′,4,4′-tetrachlorobiphenyl (PCB 

77) to the PP decreased with the increasing temperature, which could primarily be attributed 

to the decrease in the surface tension of the solution and unfavourable contact between PCB77 

and PP. Within a temperature range of 4 – 32 °C, the water solubility of the PCB77 increases 

as the temperature increases (Dickhut et al., 1986) which hinders its adsorption onto the 

microplastics. Liu et al. (2018) found that the adsorption of tris-(2,3-dibromopropyl) 

isocyanurate and hexabromocyclododecane by microplastics decreasing with increasing 

temperature, which is due to the weakening of the Van der Waals forces (section 2.13.1) and 

surface tension. 
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2.14. Knowledge gaps identified  

 
On the basis of the above review the knowledge gaps that I have identified in this thesis are 

environmental fate, potential impacts and ecological risks of microplastics in the terrestrial 

ecosystems have received much less attention whilst there are some evidences for 

microplastic contamination of the soils. Further research is required to determine the impacts 

of microplastics on soil and subsequent impacts on plants.  

 

Being highly resistant to degradation, particulate microplastics are ubiquitous in the soil 

(Kumar et al., 2020), and eventually would reach levels that could affect the soil properties 

particularly nutrient status crucial for the growth of plants. Thus, the soil tends to act as a 

long-term sink for the microplastics, and it is necessary to explore the fate and behaviour of 

microplastics on the soil properties, biogeochemical cycles as well as the growth of plants 

which are prerequisite to assess hazards and risks posed by the microplastic debris. The 

research should be used to determine whether legislation to control the microplastic pollution 

is necessary to protect the environment.  

 

There are three key questions that therefore arise for this thesis:  

 

1) Do microplastics have the potential to adsorb phosphate, an essential plant nutrient?   

 

2) Do the effects of pH and concentration of background electrolyte impact on the 

adsorption of phosphate to the microplastic?  

 

3) Does the microplastic impact on the soil properties and growth of plants?  
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2.15. Identified experiments for the thesis 
 

On the basis of the knowledge gaps identified above, the following experiments were 

designed. 

 

(a) An initial laboratory experiment (Chapter 3) was carried out to determine the 

potential of two types of microplastics – pristine and weathered to adsorb plant 

nutrient, phosphorus, in two soil samples differing in organic matter content. The 

adsorption of P to the mixture of microplastic and soil were also investigated.  

 

(b) On the basis of the initial experiment results, laboratory experiments (Chapter 4) were 

carried out to determine the effects of different pH (ranging from 2 to 12) and various 

concentrations of the background electrolyte (ranging from 0 to 0.1 M NaNO3) on the 

microplastic, soil as well as mixture of the microplastic and soil.  

 

(c) An incubation experiment (Chapter 5) was carried out to test the effects of different 

levels of microplastic treatments ranging from 0 % to 5.00 % which was considered 

environmentally relevant for the soils exposed to high human pressure and 

industrialization. This incubation experiment was carried out to know the effects of 

microplastic on soil physico-chemical properties and whether these effects are 

different in the presence of plants and in the soils of two different contents of organic 

matter. To observe the effects on plants, a greenhouse pot experiment (Chapter 5) 

with ryegrass (Lolium perenne) was carried out with the incubated soils. The detailed 

aims and measured parameters of each experiment are given within the relevant 

chapters.
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Chapter 3 

 

Impacts of microplastics on phosphate adsorption 
 

 

 

3.1. Introduction  
 

Plastic production is reported to have increased from around two million tonnes per year in 1950 

to 380 million tonnes in 2021, an increase in annual production of nearly 200-fold (Lebreton et 

al., 2019; PlasticsEurope, 2013; PlasticsEurope, 2017). Around eight million metric tonnes of 

plastics end up in the oceans each year (Jambeck et al., 2015); however, more than 80 % of these 

plastics have been produced, and disposed of in terrestrial environments (Talvitie et al., 2017) 

from diverse sources (Li et al., 2014). One thousand to more than four thousand plastic particles 

were found in per kg of sludge (dry mass) collected from the wastewater treatment plants in 

Europe (Zubris et al., 2005; Browne et al., 2011; Briassoulis et al., 2010).  

 

Commercial high-density polyethylene (HDPE) is a lightweight and chemical resistant plastic 

widely used in industrial sectors. It was estimated that the production of HDPE was 47.5 million 

tons in 2016 occupying a share of 46 % of total polyethylene production globally (PlasticsEurope, 

2008). HDPE released from different sources can be turned into microplastics due to the 

weathering resulting from UV radiation, elevated temperature (Horton et al., 2017), abrasive or 

mechanic force and microbial activities (Singh and Sharma, 2008; Nizzetto et al., 2016a; 2016b).  

 

It has been well documented that microplastics are capable of adsorbing metals (Hodson et al., 

2017; Decho, 2000; Rochman et al., 2014) and organic compounds (Bakir et al., 2014a; 2014b; 

Velzeboer et al., 2014; Wang et al., 2015; Hueffer and Hofmann, 2016). However, there has been 

virtually no research on the sorption of essential plant nutrients (essential plant nutrients are those 

that are required in large quantities for the plants and without these nutrients the plants are not 

able to complete their life cycle) on the microplastics. Essential nutrients can interact with 

microplastics in urban and rural soils, potentially altering the geochemical environment. It is well 

established that the essential nutrients play crucial role in developing plant cells, functioning of 
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the cell membranes and activating enzymes that lead to regulating vital biochemical processes. 

Microplastics appeared to reduce plant growth which was documented in previous studies (Qi et 

al., 2018; Zhang et al., 2015; Machado et al., 2019). However, possible reasons behind the 

reductions in plant growth due to the presence of microplastics are still unknown. Some of these 

reasons include the adsorption of plant nutrients, impacts on soil properties and microbial 

activities as suggested in previous studies (Qi et al., 2018; Zhang et al., 2015; Machado et al., 

2019). Understanding the interactions between essential nutrient and microplastic is warranted 

for the evaluation of their fate and behaviour in terrestrial ecosystems. Thus, the current chapter 

investigates the adsorption of plant nutrient to the microplastics.  

 

Typically phosphorus, one of the essential nutrients, occurs in the soil as phosphate (H2PO4
-, 

HPO4
2-, PO4

3).  Phosphate is essential for plant productivity and soil fertility, but excess 

phosphate can be detrimental to the plants (Spohn and Kuzyakov, 2013; Weil and Brady, 2016). 

Phosphate concentration in the soil typically ranges from 0.003 to 3.000 mg/ kg (Weil and Brady, 

2016). Due to its low concentration, phosphate is often regarded as a limiting nutrient and its 

concentration can be enhanced by application of phosphate fertilizers. Once phosphate enters 

the soil, it cycles between several phosphate pools which determines its availability to 

plants. Deficiency in available phosphate in soil may exert negative impacts on plant growth 

(Weil and Brady, 2016).  

 

Our hypothesis for the present study is that phosphate is adsorbed to the microplastic surfaces. 

Based on the hypothesis, the study aims to determine whether the microplastics can adsorb 

phosphate and whether any adsorbed phosphate can be desorbed. To address this aim, a set of 

objectives was outlined below.  

 

• To determine the potential of microplastics generated from industrial HDPE to adsorb 

phosphate;  

• To determine the differences in adsorption between pristine and weathered HDPE; 

• To determine whether the adsorption is reversible. 
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3.2. Materials and methodology 
 

3.2.1. Materials  

 

Two types of soil were collected from York, UK with contrasting organic matter contents. Soil 

with low organic matter content (S1) was collected from an arable field at grid reference 53° 52′ 

25.2″ N, 1° 19′ 47.0″ W, located in Big Substation East field at the University of Leeds 

experimental farm; soil with high organic matter content (S2) was collected from a flower bed 

which is located at grid reference 53° 56′ 41.0″ N, 1° 3′ 04.9″ W on the University of York 

campus.  

 

3.2.2. Methods  

 

The soils were air-dried, visible roots and plant debris were discarded and the soils were ground 

gently to break up larger soil aggregates. After that the soils were sieved at 2 mm, thoroughly 

homogenized and finally characterised. Soil texture was determined manually (USDA, 1951). A 

ball of soil was placed between thumb and forefinger, gently pushing the soil with the thumb and 

working it upward to make a ribbon. The ribbon was allowed to emerge and extend over the 

forefinger, breaking from its own weight, and finally the texture of the soil was determined from 

the length and strength of the ribbon. The pH of the soil was determined by mixing air-dried soil 

and deionised water at a ratio of 1:2.5 followed by shaking for 15 minutes. The suspension was 

allowed to settle and pH was measured using an Accumet AB150 pH meter calibrated with pH 

4.0, 7.0 and 10.0 buffers (Rowell, 1994). Soil organic matter was determined by heating 20 g of 

air-dried soil overnight at 105 °C, reweighed and then combusted at 350 °C overnight. Mass loss 

on ignition (LOI) was determined and used as a proxy for organic matter content (Hoogsteen et 

al., 2018; Rowell, 1994). S1 soil had a silty loam texture with a pH of 7.63 ± 0.13 and organic 

matter content of 3.58 ± 0.15 % (n = 5, ± standard deviation); S2 soil had a loamy texture having 

a pH of 7.11 ± 0.09 and organic matter content of 4.62 ± 0.13 % (n = 5, ± standard deviation).  

 

Commercial grade high-density polyethylene (HDPE) microplastics powder (Model No. SMHD-

3006H) was purchased from Qingdao Sunsoar Tech. Co., Ltd. located in Shandong, China. The 

HDPE was produced using rotational molding technique (Sunsoar Tech, n.d.). HDPE is popularly 

known worldwide for its massive strength-to-density ratio (PlasticsEurope, 2013). HDPE is 

https://www.tandfonline.com/author/Hoogsteen%2C+MJJ
https://www.alibaba.com/product-detail/Hdpe-High-Density-Polyethylene-For-Rotational_62414325816.html
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lightweight, cheap and weather resistant widely used in industries and packaging sectors. HDPE 

is suitable for a wide range of applications from heavy-duty damp proof membranes to light, 

flexible bags and films due to the unique characteristics of HDPE. HDPE is a durable, versatile 

plastic that offers fantastic impact resistance and tensile strength. The molecules in the HDPE 

are packed together so tightly that give rise to incredible toughness and rigidity. HDPE is easily 

processed, recycled and resistant to chemicals (acids, alkalis and alcohols), corrosion, absorption 

and abrasion (PlasticsEurope, 2013, 2017). Average area, perimeter, circularity, roundness, 

major axis, minor axis, aspect ratio and diameter were determined using ImageJ software (Java-

based image processing program) (Schneider et al., 2012). Circularity is a measure of how 

closely the particle has a circular geometry and is calculated as 4π x Area / (perimeter)2. Major 

and minor axes are the length of the major and minor axes of the smallest ellipse that encloses a 

particle; aspect ratio is the ratio of the major and minor axes. A histogram showing diameter 

distributions of HDPE is given in Figure A1. The plastic was confirmed to be HDPE by 

comparing its spectrum with other reported analyses of untreated HDPE (Lin et al., 2015; 

Maheswari et al., 2013; Figure A2) using Fourier Transform Infrared Spectroscopy (FTIR) 

equipped with an ATR platinum diamond attenuated total reflectance accessory and a potassium 

bromide beam splitter. The differences between the spectra will be due to the variation in analysis 

conditions and trace amounts of additional additives, such as plasticizers and dyes. Spectra were 

scanned in the range of 400 to 4000 cm-1. Each spectrum comprised of 144 scans with a 4 cm-1 

resolution. The ATR crystal of the instrument was cleaned with 70 % 2-propanol and a blank 

sample was analysed first to establish a background spectrum for background correction of 

subsequent spectra. Background spectrum showed a broad intense peak at 1575 and 1660 cm-1 

representative of the H-O-H bond in water. Water was also represented by a peak at 3791 cm-1 

corresponding to the O-H bond. No other peaks were observed in the background spectrum. 

When background measurement was completed, approximately 2 g of HDPE powder was placed 

onto the ATR crystal and spectra were obtained.  

 

3.2.3. Experiment with UV radiation  

 

An UV lamp (Analytikjena PN 90-0019-01, USA) with a wavelength of 365 nm and another UV 

lamp with a wavelength of 185 nm (ozone generating) was used to simulate weathering of HDPE. 

We selected 365 and 185 nm wavelengths since they are present in natural sunlight. 365 nm UV 

https://en.wikipedia.org/wiki/Java_(programming_language)
https://en.wikipedia.org/wiki/Image_processing
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radiation is reported to be UV-A which is a long-wave UV whereas 185 nm ozone generating 

UV radiation is UV-C which is a short-wave UV (ISO 21348). This approach mimicked the 

weathering of HDPE in natural environment and looked at the effect of weathering on adsorption. 

Approximately 10 g pristine microplastic (PMP) were placed in a 100 ml conical flask in a 1 mm 

deep layer that covered the bottom of the flask (Figure 3.1). There was a distance of 5 cm between 

the sample and the radiation source. The sample flask was wrapped in laboratory grade 

aluminium foil and the HDPE was exposed to the 185 nm UV radiation for four hours a day over 

a period of five months. Another conical flask (100 ml) comprising 10 g PMP was also treated 

in the same way with 365 nm UV radiation. FTIR spectra were observed every two weeks. The 

pristine microplastic (PMP) (Figure A3) exposed to the 185 nm ozone producing light was 

clumped together after treating with UV radiation (Figure A4) whereas no change (no clumping) 

was observed for the PMP exposed to the 365 nm UV radiation. A control treatment (not treated 

with UV radiation) comprising HDPE in a foil wrapped flask was also established which was 

kept inside a cupboard to ensure darkness (free from any kind of light). Ultrasonic probe (MSE 

Soniprep 150 Plus) was used to separate the weathered microplastics (WMP) for observing the 

variations in the properties (average area, perimeter, circularity, roundness, major axis, minor 

axis, aspect ratio and diameter) of PMP and WMP. Approximately 5 g WMP were placed in a 

100 ml beaker followed by adding 20 ml deionized water in such a way that the WMP were fully 

submersed in water. The WMP were separated with the use of the ultrasonic probe. The WMP 

were then picked up using a tweezer and left for 24 hours at room temperature for drying. After 

that, the properties of the WMP were determined using ImageJ software (Schneider et al., 2012).  
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Figure 3.1. Exposure of HDPE to UV radiation using UV lamp. Exposure duration was four hours 

per day over a period of five months. The model no. for the UV lamp is Analytikjena PN 90-

0019-01, USA and the power supply is PS-1.  

 

 

3.2.4. Kinetic experiments  
 

An adsorption experiment was carried out to determine whether the microplastic can adsorb 

phosphate and to establish time to equilibrium prior to running a full adsorption experiment. Both 

pristine (PMP) and weathered microplastics (WMP) were washed with analytical grade n-hexane 

(95 %) and methanol (99.85 %) for 24 hours each to remove any kind of impurities and then 

dried at room temperature. After that, 0.2 g HDPE (PMP, WMP) were placed into the screw-cap 

glass vials (50 ml) and 30 ml of 5 mg/ L phosphorus solution was added obtained by dissolving 

analytical grade potassium dihydrogen phosphate (KH2PO4) in a background electrolyte of 0.1 

M NaNO3, to maintain a constant ionic strength in the solution. Aluminium foils were wrapped 

around the top of the vials before putting the lids on and then the vials were shaken on a flatbed 

shaker at 180 rpm at 20 °C (Moazed et al., 2010). Control vials, containing P solution but without 

HDPE were also treated the same way. After 1, 3, 6, 14, 24 and 48 hours triplicate sacrificial 
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replicates were filtered through Whatman No. 42 filter paper and the supernatant was analyzed 

for P content using an Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, 

Thermo Scientific ICAP 7000 Series, UK). Similar adsorption experiments were carried out 

using 0.2 g soil (S1, S2) and also a mixture of soil and microplastics (S1 + PMP, S1 + WMP, S2 

+ PMP, S2 + WMP) in 30 ml of P solution. Regarding the mixture of soil and microplastics, 0.1 

g soil and 0.1 g HDPE were mixed in 30 ml of P solution so that the total weight of the solid 

became 0.2 g. The basic operational principles of the ICP-OES are provided in Appendix A 

(Section A1).  

 

It is worth to be noted that in the present study, we determined the total phosphorus content in 

our samples using the ICP-OES. We did not measure the speciation of P. As we measured the 

content of total P and did not measure its speciation in the following we refer to the adsorption 

and desorption of phosphate assuming that the majority of the P was present as PO4
3- or related, 

e.g. HPO4
2- ion. Nonetheless, all concentrations reported are for total P. Data from the kinetic 

experiments indicated that adsorption had reached a steady state within 24/ 14 hours (Table S1). 

Although different solids reached steady state at different time (24/ 14 hours), we used 24 hours 

for further adsorption experiments for the convenience of our study. 

 

 

3.2.5. Adsorption isotherms  

 

Adsorption experiments were conducted using 0.2 to 200.0 mg/ L phosphorus solution with 

triplicate of all solids and solid-free control treatments (containing 0.1 M NaNO3) at each 

concentration. Isotherms were constructed using data from the experiments in which 0.2 g solid 

were shaken at 180 rpm at 20 °C in glass vials for 24 hours in 30 ml P solution (from KH2PO4) 

in a background electrolyte of 0.1 M NaNO3. These suspensions were filtered and analyzed for 

phosphorus with ICP-OES (Thermo Scientific ICAP 7000 Series, UK). The amount of P 

adsorbed on solid was calculated from the difference between solid-free control and sample 

treatments at the end of the adsorption period (Sparks, 2003; Sposito, 1989). Data were fitted to 

the linear (Equation 1) and non-linear (Langmuir: Equation 2 and Freundlich: Equation 3) 

isotherms (Jalali and Peikam, 2013; Zhou et al., 2005; Tian et al., 2006). As the partition 

coefficient (Kd) is the ratio of phosphorus adsorbed to the solid (Cs) to the phosphorus 

concentration present in the solution (Caq), Kd was calculated from the slope of linear regression 
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(independent variable: Caq, dependent variable: Cs). Linear regression was forced through the 

origin (0, 0) for the calculation of Kd.  

 

𝐾𝑑 =
𝐶𝑠

𝐶𝑎𝑞 
            (1) 

𝐶𝑠

𝐶𝑎𝑞
=

𝑏𝐶𝑆𝑀

1 + 𝐶𝑎𝑞𝑏
      (2)   

𝐶𝑠 = 𝐾𝑓𝐶𝑎𝑞
     1/𝑛

      (3) 

 

where Kd is the partition coefficient (L/ kg); 𝐶𝑠 is the concentration of phosphorus adsorbed on 

solid (mg/ kg); 𝐶𝑎𝑞 is the equilibrium P concentration in solution (mg/ L); 𝑏 is the binding 

constant (L/ mg); 𝐶𝑆𝑀 is the maximum adsorption capacity (mg/ kg);  𝐾𝑓 and 𝑛 is the Freundlich 

constants related to adsorption.  
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3.2.6. Desorption experiments  

 

Desorption experiments were undertaken to determine whether microplastic could release 

previously sorbed phosphate and to compare release rates with those from soils. Desorption 

experiment was performed after the supernatants obtained in the adsorption experiment were 

removed. Residual solids on Whatman No. 42 filter paper that had sorbed P were washed with 

30 ml saturated NaCl (Han et al., 2018) to remove free phosphorus. After the samples were 

washed, 30 ml of 0.1 M NaNO3 was added with each sample. Samples were then shaken at 180 

rpm for 24 hours followed by filtration. The supernatants were analyzed using the ICP-OES 

(Thermo Scientific ICAP 7000 Series, UK) to determine the P concentration in solution and the 

percentage of P desorption was calculated using Equation 4 (Bai et al., 2017; Han et al., 2018). 

The hysteresis index (HI) was calculated to determine the reversibility of the adsorption 

experiment using Equation 5 (Ding et al., 2019). 

 

Pdes (%) = (A-B) × (100/A)   (4)  

 

where A is the total mass of phosphorus available for desorption determined by multiplying 

adsorbed P on solid (mg/ kg) with the mass of solid (kg); B is the total mass of P that has desorbed 

determined by multiplying the P concentration in solution after desorption (mg/ L) with the 

volume of solution (mg/ L).   

 

𝐻𝐼 =
𝐶𝑠−𝐶𝑑𝑒𝑠

𝐶𝑠
     (5) 

 

where 𝐶𝑠 is the initial concentration of phosphorus adsorbed on solid (mg/ kg) and 𝐶𝑑𝑒𝑠 is the 

concentration of phosphorus desorbed from the solid (mg/ kg).  
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3.2.7. Quality control and statistical analysis  

 

Detection limits for the analytical instruments used were calculated as the mean plus six times 

the standard deviation of ten repeated measurements of the blank standard (Walsh, 1997). For 

statistical analysis of solution data value below detection limit was given a value equal to the 

detection limit (Helsel, 2007). Accuracy of calibration was determined by analysis of an in-house 

certified reference material (CRM). Analytical precision was calculated from the coefficient of 

variation (CV) determined from duplicate analysis of 10 % of the samples that were at least 100 

times higher than the detection limit and determining the median of the difference between the 

duplicate measurements expressed as a percentage of their mean value (Gill and Ramsey, 1997). 

Quality control data for chemical analysis associated with each set of experiments are provided 

in Table A1.  

 

All data were analyzed using IBM SPSS Statistics (version 25) or SigmaPlot (version 14) 

software. Data were tested for normal distribution using the Shapiro-Wilk and Kolmogorov-

Smirnov test and equal variance using Levene’s mean test. Data were normally distributed for all 

analyses. In the kinetic experiments, a two-way analysis of variance (ANOVA) was used to test 

for significant difference in phosphorus concentration between solid type (factor 1) and time 

(factor 2). Post hoc analysis was used for pairwise comparisons within significant (p < 0.05) 

values of time using Tukey’s method at 5 % level of significance, to determine the time point at 

which the concentration of P reached the steady state. Linear and non-linear models (Langmuir 

and Freundlich) were used to fit the adsorption isotherm of P (Liu et al., 2019a; Zuo et al., 2019). 

In case of desorption experiments, regression analysis was done on the percentage of desorption 

(dependent variable) to detect whether there were different regression results for the different 

solids.  
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3.3. Results  
 

3.3.1. HDPE characterisation  

 

Average area of the pristine microplastic (PMP) was 0.06 ± 0.01 mm2, circularity 0.96 ± 0.52, 

aspect ratio 0.46 ± 0.15 and diameter 238.11 ± 82.52 µm (n = 300, ± standard deviation) (Table 

3.1). PMP had a white and powdery texture (Figure A3) which showed a tendency to clump 

together upon UV weathering by 185 nm wavelength UV radiation (Figure A4). No change in 

the texture, average area, perimeter, circularity, roundness, major axis, minor axis, aspect ratio 

and diameter were observed for the PMP treated with the 365 nm wavelength UV radiation.  

 

Table 3.1. Properties of HDPE (mean ± standard deviation). Value of n is 300. Subsamples of 

the particles were scattered on a slide, flattened by over-laying a piece of glass and images 

captured with a Zeiss PlanNeoFluar Microscope at 33.5 magnification. The particles analysed 

were not overlapping and not lying on the edges of the image. Images were analysed using ImageJ 

software.  

 

Parameter Value for PMP Value for WMP 

Average area (mm2) 0.06 ± 0.01 0.09 ± 0.001 

Perimeter (mm) 0.25 ± 0.50 0.28 ± 1.13 

Circularity  0.96 ± 0.52 0.97 ± 0.71 

Roundness 0.89 ± 0.33 0.91 ± 0.23 

Major axis (mm) 0.24 ± 0.09 0.25 ± 0.09 

Minor axis (mm) 0.14 ± 0.06 0.15 ± 0.05 

Aspect ratio 0.46 ± 0.15 0.48 ± 0.14 

Diameter (µm) 238.11 ± 82.52 249.86 ± 38.61 

                      *PMP = pristine HDPE, WMP = weathered HDPE 

 

FTIR spectra of the pristine microplastic (PMP) treated with ozone producing 185 nm 

wavelength UV radiation remained same in the first 60 days of exposure and after that changes 

in IR band happened more quickly. From day 75, a new peak was detectable in the form of the 

growth of a peak at 1743 cm−1 (Table 3.2), which became more visible on Day 105 (Figure 3.2, 
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Table 3.2). Thus, UV exposure with 185 nm wavelength has led to the development of a new 

functional group in the PMP which was used as a good proxy for weathered microplastics. 

However, there was no change in the FTIR spectra after exposure to the 365 nm radiation and 

was not used further in the adsorption experiments.  

 

 

 

Figure 3.2. Changes in FTIR spectra of HDPE after exposure to UV radiation with 185 nm and 

365 nm wavelength. Exposure duration was four hours per day over a period of five months. The 

bottom-most spectrum shows pristine microplastic which was not UV treated. Microplastic 

treated with 365 nm wavelength for five months looks like the bottom-most spectrum indicating 

the pristine microplastic.  
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Table 3.2. Functional groups and appearances for the FTIR spectra of microplastic used in the 

study before and after exposure to UV radiation. FTIR spectra were scanned in the range of 400 

to 4000 cm-1. Each spectrum comprised 144 scans with a 4 cm-1 resolution. Asterisk (*) sign 

indicated FTIR spectra of weathered microplastic.  

 

Absorption 

bands  

(cm−1) 

Functional 

group 

Appearance References 

 

2917 C-H stretching Strong Asensio et al., 2009; Noda et al., 

2007; Nishikida and Coates, 2003 

2847 C-H stretching Weak Asensio et al., 2009; Noda et al., 

2007; Nishikida and Coates, 2003 

1743* C=O stretching Strong Martínez-Romo et al., 2015; 

Telmo et al., 2011; Wypych, 2003 

1470 CH2 bending Medium Asensio et al., 2009; Coates, 2000;  

Nishikida and Coates, 2003 

1440 CH2 bending  Medium Asensio et al., 2009; Verleye et al., 

2001;  

Nishikida and Coates, 2003 

750 CH2 rocking Strong Verleye et al., 2001; Noda et al., 

2007; Nishikida and Coates, 2003 

713 CH2 rocking Strong Asensio et al., 2009; Noda et al., 

2007; Nishikida and Coates, 2003 

 

 

3.3.2. Kinetics experiments  

 

Concentration of phosphate in solution was decreased over time for all solids bearing suspensions 

and then reached a steady state (Figure 3.3) which was confirmed by Tukey test. Different solids 

reached steady state at different times (Table A2). It is noteworthy that the weathered 

microplastic (WMP) reached the steady state sooner (14 hours; p < 0.05) than it did on the pristine 

microplastic (PMP) (24 hours; p < 0.05). When the soil was mixed with pristine microplastics, it 

reached the steady state later than the mixture of soil and weathered microplastics (Table A2).  
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Figure 3.3. Changes in phosphorus concentration over time for different solid types: PMP = 

pristine HDPE, WMP = weathered HDPE, S1 = low organic matter soil, S2 = high organic matter 

soil, S1 + PMP = mixture of low organic matter soil and pristine HDPE, S1 + WMP = mixture 

of low organic matter soil and weathered HDPE, S2 + PMP = mixture of high organic matter soil 

and pristine HDPE, S2 + WMP = mixture of high organic matter soil and weathered HDPE. For 

each case, 0.2 g solid was added to 30 ml P solution and shaken for different time intervals. Error 

bars indicate standard deviations of means with three replicates (n = 3).  

 

3.3.3. Adsorption isotherms 

 

Adsorption isotherms were constructed for all solid types using the data from experiments in 

which 0.2 g solid was shaken for 24 hours in 30 ml phosphorus solution. Phosphate adsorption 

to different solid types was best described by different types of linear and non-linear (Langmuir 

and Freundlich) isotherms as shown in Table 3.3 and Table 3.4, indicating the relationship 

between the equilibrium concentration of phosphorus solution and the concentration adsorbed to 

the microplastic surface (Stumm and Morgan, 1996). Although Langmuir isotherm was not a 

good fit for either pristine microplastic (PMP) or weathered microplastic (WMP), the fit to the 

Langmuir isotherm was used to determine the maximum adsorption capacities, CSM, and binding 

constants, b (Table 3.4). When microplastic was present as a single solid in the adsorption 

experiment, phosphate adsorbed on the WMP was greater than that of the PMP (Figure 3.4, 
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Figure 3.5, Table 3.3, Table 3.4) indicated by higher values of partition coefficient (Kd) and 

maximum adsorption capacity (CSM). When the soil was present as a single solid in the adsorption 

experiment, adsorption was higher for the S2 than S1 (Table 3.3, Table 3.4). There were large 

differences in the values of Kd, CSM and log Kf, for the S1 and S2. However, no variation was 

found between the values of 1/ n for the S1 and S2. For both soil types, when soil was mixed 

with pristine microplastics, adsorption was lower than the mixture of soil and weathered 

microplastics (Figure 3.4, Figure 3.5, Table 3.3, Table 3.4) indicated by relatively lower values 

of Kd for the mixture of soil and pristine microplastics. 95 % confidence intervals around the 

mean values of Langmuir and Freundlich parameters for the soil + pristine microplastics and soil 

+ weathered microplastics were overlapped and thus they were unlikely to be significantly 

different. The same trend was followed by both soil types (Table 3.4).  
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Table 3.3 Partition coefficient (Kd) values for phosphorus adsorption to different solids. Mass of 

solid used is 0.2 g and volume of solution is 30 ml. Concentrations of P range from 0.2 – 200.0 

mg/ L. Equilibrium time for the adsorption experiment is 24 hours. Reported values are calculated 

from the linear regression of 30 values (n = 30 for each set of data). Kd is determined from the 

slope of linear regression (independent variable: phosphorus concentration present in the 

solution, Caq; dependent variable: phosphorus adsorbed to the solid, Cs). 95 % confidence interval 

is calculated which are shown in brackets. Upper and lower limit of confidence intervals are 

separated by comma (,). Unit of Kd is L/ kg for all solid types.  

 

Solid type Partition coefficient 

(Kd) 

R2 value p value 

PMP 10.74 (6.71, 14.77) 0.95 < 0.05 

WMP 29.13 (17.68, 40.57) 0.65 < 0.05 

S1 220.01 (170.54, 291.46) 0.61 < 0.05 

S2 328.22 (315.06, 345.64) 0.91 < 0.05 

S1 + PMP 20.87 (12.14, 29.60) 0.81 < 0.05 

S1 + WMP 81.89 (43.48, 120.31) 0.61 < 0.05 

S2 + PMP 22.09 (11.66, 32.51) 0.88 < 0.05 

S2 + WMP 60.34 (41.27, 79.41) 0.86 < 0.05 

*PMP = pristine HDPE, WMP = weathered HDPE, S1 = low organic matter soil, S2 = high organic matter soil, 

S1 + PMP = mixture of low organic matter soil and pristine HDPE, S1 + WMP = mixture of low organic matter 

soil and weathered HDPE, S2 + PMP = mixture of high organic matter soil and pristine HDPE, S2 + WMP = 

mixture of high organic matter soil and weathered HDPE. Partition coefficient is calculated as the 𝐾𝑑 =
𝐶𝑠 

𝐶𝑎𝑞 
, 

where, Cs = amount of phosphorus adsorbed on solid (mg/ kg), Caq = concentration of phosphorus in equilibrium 

solution (mg/ L).  
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(a) (b)  

 

Figure 3.4. Adsorption of phosphorus for different solids types: (a) PMP = pristine HDPE, WMP 

= weathered HDPE, S1 = low organic matter soil, S2 = high organic matter soil; (b) S1 + PMP = 

mixture of low organic matter soil and pristine HDPE, S1 + WMP = mixture of low organic 

matter soil and weathered HDPE, S2 + PMP = mixture of high organic matter soil and pristine 

HDPE, S2 + WMP = mixture of high organic matter soil and weathered HDPE. 0.2 g solid was 

added to 30 ml P solution and shaken for 24 hours. For each set of solid samples, number of 

replicates is 3 and concentration is 10. Some data points are overlapping and thus all the 

replications are not visible.  
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                 (a)                  (b) 

  

                 (c)                  (d)  

 

Figure 3.5. Langmuir adsorption isotherms of phosphorus for different solid types: (a) PMP = pristine HDPE, WMP = weathered HDPE, 

S1 = low organic matter soil, S2 = high organic matter soil; (b) S1 + PMP = mixture of low organic matter soil and pristine HDPE, S1 

+ WMP = mixture of low organic matter soil and weathered HDPE, S2 + PMP = mixture of high organic matter soil and pristine HDPE, 

S2 + WMP = mixture of high organic matter soil and weathered HDPE; Freundlich isotherms for (c) PMP, WMP, S1, S2; (d) S1 + PMP, 

S1 + WMP, S2 + PMP, S2 + WMP. 0.2 g solid was added to 30 ml P solution and shaken for 24 hours. For each set of data, number of 

replicates is 3 and concentration is 10. Some data points are overlapping and thus all the replications are not visible. 
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Table 3.4. Langmuir and Freundlich adsorption isotherm parameters for phosphorus to different solid types. Mass of solid used is 0.2 g. 

Volume of solution is 30 ml. Concentrations of P range from 0.2 – 200.0 mg/ L. Equilibrium time for the adsorption experiment is 24 

hours. Reported values are calculated from the linear regression of 30 values (n = 30 for each set of data). For Langmuir isotherm, CSM 

and b are determined from the intercept (1/ CSM) and slope (1/ bCSM) of linear regression (independent variable: inverse of phosphorus 

concentration present in the solution, 1/ Caq; dependent variable: inverse of phosphorus adsorbed to the solid, 1/ Cs) respectively. For 

Freundlich isotherm, log Kf and 1/ n are determined from the intercept and slope of linear regression (independent variable: log value of 

phosphorus concentration present in the solution, log Caq; dependent variable: log value of phosphorus adsorbed to the solid, log Cs) 

respectively. 95 % confidence interval is calculated which are shown in brackets. Upper and lower limit of confidence intervals are 

separated by comma (,).   

 

 Langmuir isotherms Freundlich isotherms 

Solid type CSM (mg/ kg) b (L/ mg) R2 value p value log Kf 1/ n R2 value p value 

PMP 78.74 

(54.69, 101.08) 

0.07 

(0.03, 0.09) 

0.20 < 0.05 0.81 

(0.07, 1.54) 

0.95 

(0.49, 1.45) 

0.79 < 0.05 

WMP 285.71 

(220.02, 320.26) 

0.09 

(0.05, 1.12) 

0.52 < 0.05 2.49 

(2.04, 2.95) 

1.73 

(1.48, 1.99) 

0.70 < 0.05 

S1 322.58 

(201.36, 396.28) 

0.02 

(-0.01, 0.04) 

0.95 < 0.05 4.45 

(4.11, 5.18) 

0.59 

(0.28, 0.67) 

0.71 < 0.05 

S2 507.56 

(467.13, 563.49) 

0.06 

(0.05, 0.08) 

0.94 < 0.05 5.64 

(5.29, 5.98) 

0.69 

(0.17, 0.79) 

0.94 < 0.05 

*PMP = pristine HDPE, WMP = weathered HDPE, S1 = low organic matter soil, S2 = high organic matter soil. Langmuir equation is expressed as 
𝐶𝑠

𝐶𝑎𝑞
=

bCSM

1 + 𝐶𝑎𝑞b
, where, Cs = amount of phosphorus adsorbed on solid (mg/ kg), Caq = concentration of phosphorus in equilibrium solution (mg/ L), CSM = maximum 

adsorption capacity (mg/ kg), b = binding constant (L/ mg). Freundlich equation is expressed as 𝐶𝑠 = 𝐾𝑓𝐶𝑎𝑞
     1/𝑛

 where, Cs = amount of phosphorus adsorbed 

on solid (mg/ kg), Caq = concentration of phosphorus in equilibrium solution (mg/ L), log Kf = Freundlich constant, 1/ n = heterogeneity factor.  
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Table 3.4 (continued). Langmuir and Freundlich adsorption isotherm parameters for phosphorus to different solid types. 

 

 Langmuir isotherms Freundlich isotherms 

Solid type CSM (mg/ kg) b (L/ mg) R2 value p value log Kf 1/ n R2 value p value 

S1 + PMP 129.87  

(95.98, 201.46) 

0.47  

(-0.23, 0.58) 

0.45 < 0.05 5.52  

(4.80, 5.94) 

0.51  

(0.41, 0.69) 

0.81 < 0.05 

S1 + WMP 227.27  

(186.45, 296.13) 

0.49  

(-0.10, 0.57) 

0.43 < 0.05 5.81  

(4.95, 6.07) 

0.53  

(0.42, 0.78) 

0.82 < 0.05 

S2 + PMP 244.74  

(203.04, 294.23) 

0.81  

(0.53, 1.23) 

0.51 < 0.05 1.72  

(1.29, 2.15) 

0.39  

(0.09, 0.68) 

0.81 < 0.05 

S2 + WMP 384.54  

(274.65, 426.13) 

0.84  

(0.57, 1.26) 

0.89 < 0.05 2.00  

(1.73, 2.28) 

0.49  

(0.30, 0.69) 

0.96 < 0.05 

*S1 + PMP = mixture of low organic matter soil and pristine HDPE, S1 + WMP = mixture of low organic matter soil and weathered HDPE, S2 + PMP = 

mixture of high organic matter soil and pristine HDPE, S2 + WMP = mixture of high organic matter soil and weathered HDPE. Langmuir equation is 

expressed as 
𝐶𝑠

𝐶𝑎𝑞
=

bCSM

1 + 𝐶𝑎𝑞b
, where, Cs = amount of phosphorus adsorbed on solid (mg/ kg), Caq = concentration of phosphorus in equilibrium solution (mg/ 

L), CSM = maximum adsorption capacity (mg/ kg), b = binding constant (L/ mg). Freundlich equation is expressed as 𝐶𝑠 = 𝐾𝑓𝐶𝑎𝑞
     1/𝑛

 where, Cs = amount of 

phosphorus adsorbed on solid (mg/ kg), Caq = concentration of phosphorus in equilibrium solution (mg/ L), log Kf = Freundlich constant, 1/ n = heterogeneity 

factor.  
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3.3.4. Desorption experiments  

 

Desorption of phosphate was lower from the weathered microplastic (WMP) than the pristine 

microplastic (PMP) (Figure 3.6). Desorption of phosphate from both soils (S1, S2) was higher 

than the pristine microplastic (PMP). High organic matter soil (S2) did desorb more P compared 

to that of the low organic matter soil (S1) (Figure 3.6). When the soil was mixed with 

microplastics, we observed same trend for both soil types. Phosphate desorption was similar from 

the soil + pristine microplastics and soil + weathered microplastics (Figure 3.6). The hysteresis 

index (HI) of phosphorus was higher for the WMP compared to the PMP, S1 and S2. HI of 

phosphorus was higher for the S2 than the S1 (Table 3.5). HI was similar for the soil + pristine 

microplastics and soil + weathered microplastics which was true for both soil types. A higher 

value of HI indicates more hysteresis (Ding et al., 2019).  

 

Table 3.5. Hysteresis index (HI) for different solid types. Mass of solid used is 0.2 g and volume 

of solution is 30 ml. Concentrations of P range from 0.2 – 200.0 mg/ L. Equilibrium time for the 

desorption experiment is 24 hours. HI is calculated from the mean of 30 values (n = 30 for each 

set of data). 95 % confidence interval is calculated which are shown in brackets. Upper and lower 

limit of confidence intervals are separated by comma (,).   

 

Solid type Cs (mg/ kg) Cdes (mg/ kg) HI 

PMP 263.53 (234.63, 293.33) 11.32 (1.03, 23.19) 0.95 (0.94, 0.96) 

WMP 316.36 (302.63, 336.36) 3.72 (-2.08, 9.12) 0.99 (0.98, 1.00) 

S1 404.01 (386.15, 424.56) 50.54 (20.41, 83.06) 0.87 (0.86, 0.88) 

S2 1760.69 (1723.45, 1798.33) 175.27 (164.22, 189.14) 0.90 (0.89, 0.91) 

S1 + PMP 217.86 (205.36, 234.36) 14.75 (3.23, 27.58) 0.93 (0.92, 0.94) 

S1 + WMP 428.76 (411.48, 451.03) 23.88 (12.66, 36.57) 0.94 (0.93, 0.95) 

S2 + PMP 211.78 (196.32, 228.61) 17.16 (10.53, 23.23) 0.92 (0.91, 0.93) 

S2 + WMP 569.23 (544.18, 596.42) 31.39 (25.57, 38.26) 0.94 (0.93, 0.95) 

*PMP = pristine HDPE, WMP = weathered HDPE, S1 = low organic matter soil, S2 = high organic matter soil; S1 + 

PMP = mixture of low organic matter soil and pristine HDPE, S1 + WMP = mixture of low organic matter soil and 

weathered HDPE, S2 + PMP = mixture of high organic matter soil and pristine HDPE, S2 + WMP = mixture of high 

organic matter soil and weathered HDPE. Hysteresis Index (HI) is calculated using (Cs – Cdes)/ Cs, where Cs = amount 

of phosphorus adsorbed on solid (mg/ kg), Cdes = amount of phosphorus desorbed from the solid (mg/ kg). 
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(a) (b)  

  

(c) (d) 

Figure 3.6. Percentage (%) of P desorption from different solids: (a) PMP = pristine HDPE, WMP 

= weathered HDPE, S1 = low organic matter soil, S2 = high organic matter soil; (b) S1 + PMP = 

mixture of low organic matter soil and pristine HDPE, S1 + WMP = mixture of low organic 

matter soil and weathered HDPE, S2 + PMP = mixture of high organic matter soil and pristine 

HDPE, S2 + WMP = mixture of high organic matter soil and weathered HDPE; Final 

concentration of desorbed P from (c) PMP, WMP, S1, S2; (d) S1 + PMP, S1 + WMP, S2 + PMP, 

S2 + WMP. 0.2 g solid was added to 30 ml of 0.1 M NaNO3 solution and shaken for 24 hours. 

For each set of data, number of replicates is 3 and concentration is 10. Some data points are 

overlapping and thus all the replications are not visible.  
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3.4. Discussion 
 

 

3.4.1. Pristine and weathered microplastics characterisation 

 

FTIR spectrum of the pristine microplastic (PMP) showed distinct peaks at 2917, 2847, 1470, 

1440, 750 and 713 cm-1 (Figure 3.2, Table 3.2). This was consistent with other studies (Martínez-

Romo et al., 2015; Asensio et al., 2009; Noda et al., 2007; Charles and Ramkumaar, 2009) where 

authors observed FTIR spectra at the same wave numbers present in the HDPE microplastics. 

Presence of C=O (carbonyl) stretching in the weathered microplastic (WMP) occurring at around 

1743 cm-1 (Figure 3.2, Table 3.2) might be due to the photo-oxidation of microplastics as 

absorption of UV radiation results in the formation of free radicals (Gardette et al., 2013; 

Carpentieri et al., 2011). Hydrogen atoms would have abstracted from the macromolecular chain 

of the PMP and added to an unsaturated group (cross-linking reaction) or to oxygen; and 

consequently, hydroperoxides would form. Peroxy and hydroxide radicals generating from 

hydroperoxide would lead to the formation of carbonyl group (Gardette et al., 2013; Carpentieri 

et al., 2011).  

 

3.4.2. Kinetics experiments  

 

The extent of phosphate adsorption by all solids was found to increase and then gradually 

approach a more or less constant value (steady state) with the increase in time (Figure 3.3). Rate 

of increase in phosphate adsorption was higher within the first 14 hours of the experiment but 

there was a little increase in adsorption between 14 to 24 hours (Figure 3.3) as in other 

experiments (Wang et al., 2013). Wang et al. (2013) reported relatively rapid adsorption of 

phosphate from 1 to 15 hours, followed by a slow adsorption after 15 hours, although the 

adsorption was likely to be highly dependent on pH and characteristics of adsorbate. As the time 

proceeds, some sites of the microplastic experience adsorption and there remain fewer charged 

adsorption sites that have yet to adsorb an oppositely charged ions (Arai and Sparks, 2001). There 

is less adsorption of phosphate, as there remain fewer adsorption sites (Wang et al., 2013). The 

weathered microplastic (WMP) could have relatively more adsorption sites and it reached steady 

state sooner than the pristine microplastic (PMP) (Figure 3.3) possibly because of having stronger 

affinity for the phosphate ions than the PMP. Oxygen of the carbonyl group (C = O) present in 

the WMP was noticeable at the surface with a negative charge which would repel the negatively 

https://dictionary.cambridge.org/dictionary/english/noticeable
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charged phosphate ions and possibly there was cation bridging between the phosphate ions and 

the functional groups on the WMP. The presence of ions promotes cation bridging, particularly 

with the multivalent ions like phosphate (MacKay and Canterbury, 2005).  

 

3.4.3. Adsorption experiments  

 

Microplastics have the potential to adsorb hydrophilic molecules (negatively charged) which was 

observed in previous studies (Liu et al., 2019a; Liu et al., 2019b; Bakir et al., 2014a; Bakir et al., 

2014b; Massos and Turner, 2017; Turner and Holmes, 2015). Since the phosphate (PO4
3-) ion is 

hydrophilic in nature, it was expected that HDPE microplastics used in our study would adsorb 

PO4
3- which was verified in our kinetic experiments. We would expect that most of the P in our 

study were present as PO4
3- ions. Phosphate is charged and polar (Marc, 2005) whilst 

microplastics are nonpolar. Thus, electrostatic attraction is unlikely between PO4
3- ions and 

microplastics, suggesting that adsorption of PO4
3- (Figure 3.4, Figure 3.5) is either by specific 

adsorption (adsorbed ions are typically bound by chemical attraction through the formation of 

inner sphere complexes) or through hydrogen bonding / Van der Waals forces (Ma et al., 2019). 

Adsorption of PO4
3- to microplastics is highly dependent on pH and ionic strength of the solution 

(Fei et al., 2015).  

 

Values of partition coefficient (Kd), maximum adsorption capacity (CSM), and heterogeneity 

factor (1/ n) for the pristine microplastic (PMP) (Table 3.3, Table 3.4) were similar to those 

reported for the HDPE particles in previous studies for different adsorbates (Li et al., 2018; 

Holmes et al., 2012), but the values of binding constant (b) and Freundlich constant (log Kf) were 

far lower, possibly reflecting the variations in the binding energy and surface chemistry of the 

microplastics or the ionic strength of seawater used in the experiments (Li et al., 2018; Holmes 

et al., 2012). Seawater has higher ionic strength (approximately 0.7 M) compared to that of the 

soil solution (approximately 0.1 M) (Edmeades et al., 1985) which might be the reason for the 

higher values of b and log Kf in Li’s and Holmes’s studies. Effect of ionic strength on phosphate 

adsorption varies with the pH and occurs through its effect on the electrostatic potential in the 

plane of adsorption (Barrow, 1984). At pH values above the PZC (point of zero charge) 

adsorption of phosphate increases with increasing ionic strength whilst pH values below the PZC 

decreases adsorption with decreasing ionic strength (Bolan et al., 1986). Both the pH and ionic 
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strength have been demonstrated to affect the adsorption of PO4
3- ions in previous studies 

(Sposito, 1989; Jafvert, 1990). According to Westall et al. (1999), changes in the pH influence 

the protonation/ deprotonation of ions, and ionic strength impacts on the competition for the 

adsorption sites, thereby affecting the adsorption. The studies by Li et al. (2018) and Holmes et 

al. (2012) did not determine the pH or PZC of the microplastic.  The pH value of seawater is 

approximately 8.1 which was reported by Millero (2001). The PZC of the microplastic was 

determined 6.31 in our study (Chapter 4). Therefore, we assumed that the microplastics used in 

Li’s (2018) and Holmes’s (2012) studies experienced higher values of pH than the PZC that 

would result in higher adsorptions (higher values of b and log Kf) due to the higher ionic strength 

of seawater. Thus, it becomes imperative to determine the impacts of pH and ionic strength on 

the adsorption of phosphate and we will study that in Chapter 4.  

 

When present as the only solid in the adsorption experiment, the WMP adsorbed significantly 

more phosphate than the PMP (Figure 3.4, Figure 3.5, Table 3.3, Table 3.4). Similar to our 

findings, Hüffer et al. (2018) and Holmes et al. (2012) observed increased adsorption of metals 

by the UV weathered microplastics. They suggested that that the increased adsorption was due 

to the increases in area and polarity (Hüffer et al., 2018) as well as greater heterogeneity (Holmes 

et al., 2012) of the WMP particles which was consistent with our study. The WMP used in our 

study had higher area (0.09 ± 0.001 mm2, ± standard deviation; Table 3.1) compared to the PMP 

(0.06 ± 0.01 mm2; ± standard deviation; Table 3.1) and increased polarity due to the introduction 

of oxygen containing functional groups (C=O) into the polymer structure (Figure 3.2). Our study 

observed higher values of log Kf and 1/ n for the WMP than the PMP (Table 3.4) indicating 

greater surface heterogeneity of the WMP. The study by Holmes et al. (2012) had a meaningful 

hypothesis although we identified some limitations for the study. Holmes’s (2012) hypothesis 

was that weathered microplastic adsorbs more than the pristine ones and the authors proved the 

hypothesis in their study. Sources of the virgin and weathered microplastics used were different 

in Holmes’s study (2012). The virgin polyethylene was obtained from a local plastic processing 

industry whereas the weathered polyethylene was collected from three different coastal beaches. 

The weathered polyethylene may not have been like the pristine polyethylene. The pristine and 

weathered microplastics should be same material to draw a meaningful conclusion from 

Holmes’s study (2012). In another study (Brennecke et al., 2016), it was suggested that weathered 

polyvinyl chloride (PVC) adsorbed higher amounts of Cu and Zn compared to the pristine 

polystyrene (PS) which was presumably due to the increased polarity and higher area of the 

https://www.sciencedirect.com/science/article/pii/S0304420311000417#bbb0185
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weathered PVC. It is noteworthy that PS and PVC used in Brennecke’s study (2016) are two 

different plastics and they vary in chemical composition and properties. For instance, PS contains 

a phenyl group in its structure and is non polar in nature. In contrast, PVC has chloride in its 

structure and is slightly polar than the PS. We would expect the PVC to be more adsorptive than 

the PS because of their molecular structure and polarity. In contrast to our findings, Hüffer et al. 

(2018) reported that the adsorption on the WMP in aqueous ecosystem was approximately one 

order of magnitude lower than on the PMP. Polystyrene microplastic develops cracks upon 

weathering and these cracks make the microplastic susceptible to water penetration (Muller et 

al., 2018; Endo et al., 2005). Oxygen containing functional groups (polar in nature) of the WMP 

could allow the formation of bonds with the penetrated water molecules. As a result, polarity and 

reactivity of the WMP could reduce leading to a lower adsorption of the adsorbate in Hüffer’s 

study (2018) as suggested by Brant (2011) and Hüffer et al. (2013). For both the PMP and WMP, 

the poor fits to the Langmuir isotherm indicated that phosphate adsorption energy did not 

distribute homogenously and thereby the assumption of site limitation for monolayer sorption 

was not valid (Banihashemi and Droste, 2014). The 1/ n values of both the PMP and WMP 

samples deviated from 1, indicating that both the microplastics followed multilayer adsorption 

on the heterogeneous surface (Liu et al., 2019a; 2019b).  

 

When present as the single solid, adsorption of phosphate by the PMP and WMP was far lower 

compared to the values of both soil types (Figure 3.4, Figure 3.5, Table 3.3, Table 3.4). Values 

of partition coefficient (Kd), maximum adsorption capacity (CSM), Freundlich constant (log Kf) 

and heterogeneity factor (1/ n) of the PMP and WMP were far lower compared to the values of 

S1 and S2 (Table 3.3, Table 3.4). Typically the soil is a porous solid with various sizes of pores 

on its surface (Pignatello, 1998). Phosphate could be adsorbed in the pore spaces within the soils 

(Schwarz et al., 2012). Additionally, higher adsorption of PO4
3-on the soils than microplastics 

could result from the stronger electrostatic attraction between charged surfaces of the soil 

(resulting from the charged functional groups) and negatively charged PO4
3- ions. Adsorption on 

the soil is likely to be highly dependent on the size, shape, heterogeneity of soil particles and pH 

of the soil solution (Pignatello, 1998). Comparatively lower amounts of PO4
3- could be adsorbed 

to the microplastics due to the non-polar nature of microplastics. In contrast to our findings, Chen 

et al. (2021) demonstrated that the sorption of triclosan on soil was lower than on the polystyrene 

(PS) microplastics. Lower electronegativity together with strong hydrophobicity of the PS 

(Rodrigues et al., 2019) determined the higher adsorption of the triclosan on the PS compared to 
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the soil used in Chen’s study (2021). Chen et al. (2021) observed higher adsorption on the 

microplastics compared to the soil which was possibly resulting from the π-π interaction (Li 

et al., 2018) and the increased distance between the polymer chains in PS (Alimi et al., 2018). 

The triclosan could be sorbed in between the polymer chains. The affinity of triclosan to the soil 

is likely to be determined by the physico-chemical properties of soil, particularly the type and 

volume of the soil pore (Pignatello, 1998; Wu et al., 2009;  Li et al., 2019). Since the molecular 

size of triclosan is about 0.693 nm (Nghiem and Coleman, 2008), the triclosan may block the soil 

pores and inhibit triclosan from penetrating into the pores, resulting in the decrease in pore-filling 

fraction. This blockage mechanism could result in a lower sorption on the soil than the 

microplastics in Chen’s study (2021).  

 

Data of S1 were best described by Langmuir isotherm (Figure 3.5, Table 3.4) suggesting a strong 

covalent bond between the phosphate and soil, and the adsorption consisted entirely of a 

monolayer at the surface (Debicka et al., 2016; Han et al., 2018). Data of S2 (Figure 3.4, Figure 

3.5, Table 3.3, Table 3.4) were best fitted to all three (linear, Langmuir and Freundlich) isotherms 

and thus any isotherm could be used to describe the phosphate adsorption characteristics of the 

S2. Both Langmuir and Freundlich isotherms indicated chemisorption which could imply that 

the reactions between adsorbate (phosphate) and adsorbent (soil) are highly specific as well as 

anions and cations compete for the adsorption sites (Sparks, 2003). Comparatively higher level 

of phosphate adsorption exhibited by S2 (Figure 3.4, Figure 3.5, Table 3.3, Table 3.4) was most 

likely due to its higher organic matter content relative to the S1. Similar findings were found by 

Yang et al. (2019) who observed that organic matter significantly increased maximum phosphate 

adsorption capacity in soil although this effect was governed by soil pH, soil texture and type of 

organic matter. Some authors suggested that organic matter increases phosphate adsorption by 

increasing the binding energy of the adsorbed phosphate (Kreller et al., 2003; Guppy et al., 2005) 

which was also observed in our study (Table 3.4). Humic acid is the main phosphate adsorption 

sites in soil organic matter containing various functional groups with different charges (Lin et al., 

2017). Humic acid interacts with iron oxides through complexation and/ or chelation increasing 

directly or indirectly the adsorption of phosphate in soil (Yan et al., 2016; Wang et al., 2015). 

Higher phosphate adsorption by the S2 was partly supported by our findings in Chapter 5 where 

we observed that high organic matter soil significantly reduced available P compared to the low 

organic matter soil. Values of CSM, b, log Kf and 1/ n of both the S1 and S2 were close to the 

values of soils for phosphate reported in the literatures (Table 3.6).  

https://www.sciencedirect.com/science/article/pii/S0045653520321421#bib22
https://www.sciencedirect.com/science/article/pii/S0045653520321421#bib22
https://www.sciencedirect.com/science/article/pii/S0045653520321421#bib2
https://www.sciencedirect.com/science/article/pii/S0045653520321421#bib36
https://www.sciencedirect.com/science/article/pii/S0045653520321421#bib51
https://www.sciencedirect.com/science/article/pii/S0045653520321421#bib20
https://www.sciencedirect.com/science/article/pii/S0045653520321421#bib32
https://www.sciencedirect.com/science/article/pii/S0167198718304367#bib0080
https://www.sciencedirect.com/science/article/pii/S0167198718304367#bib0080
https://www.sciencedirect.com/science/article/pii/S0167198718304367#bib0145
https://www.sciencedirect.com/science/article/pii/S0167198718304367#bib0115
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In addition, both the pristine microplastic (PMP) and weathered microplastic (WMP) samples 

had lower CSM values compared to the values for iron oxides reported in literatures (Table 3.4, 

Table 3.6). However, values of b, log Kf and 1/ n were close to the reported values for iron oxides 

(Table 3.4, Table 3.6). Iron oxides are strongly adsorptive for phosphate (Ramalho, 1977) and 

thus we would expect the soil (probably contains 1 % iron oxides) to be far less adsorptive than 

the iron oxides. Close correlations have been found between a soil’s capacity to adsorb phosphate 

and the content of iron oxides in the soil (Borggard et al., 1990). Several mechanisms are 

responsible for adsorbing phosphate to the iron oxides: (a) iron oxides can be readily hydrolysed 

(broken down by reaction with water) to form amorphous oxides which are reported as having 

high surface area which results in the adsorption of phosphate (Ramalho, 1977), (b) negatively 

charged functional groups (e.g. carboxyl, phenol) present in the soil can be adsorbed to the iron 

oxides by cationic bridging (Hinsinger, 2001), (c) phosphate can be adsorbed on to the surfaces 

of iron oxides through specific adsorption, where these iron oxides are negatively charged 

(Asomaning, 2020). Specific adsorption is characterised by formation of inner-sphere complexes, 

where no water molecules are interposed between the phosphate and the iron oxides suggesting 

that phosphate molecules/ ions are strongly bonded via covalent binding or ligand exchange 

(Essington, 2003; Sparks, 2003; Sposito, 2008), (d) phosphate is preferentially adsorbed by 

hydroxyl surface groups in iron oxides. Hydroxylation occurs when Fe ions on mineral surfaces 

are exposed to the water and complete its coordination with hydroxyl groups (Essington, 2003; 

Sparks, 2003; Sposito, 2008). It is noteworthy that the adsorption of phosphate on iron oxides is 

likely to be highly dependent on pH and ionic strength of the solution (Stabnikov et al., 2004; 

Dzombak and Morel, 1990). In our study, phosphate in the solution could be adsorbed to the 

functional groups present in microplastics. Based on the values of CSM reported in the literatures 

(Table 3.6), we would expect that approximately 400 times lower phosphate will be adsorbed to 

the PMP whereas 110 times lower phosphate for the WMP compared to the iron oxides.    

 

We observed substantially lower adsorptions on the mixture of S1 and PMP than the averages of 

S1 and PMP samples (Figure 3.4, Figure 3.5, Table 3.3, Table 3.4). Similar phenomenon was 

happened with the S1 + WMP samples. In addition, our values of phosphate adsorption for the 

mixture of soil and microplastics (Table 3.4) were far lower than the reported adsorption by iron 

oxides (Table 3.6). Lower adsorption for the soil and microplastic mixture compared to the soil 

or iron oxides could be due to the effect of dilution. Since iron oxides are one of the components 

of soil, soil is less sorptive for phosphate than the iron oxides. Similarly given the relatively low 
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sorption of phosphate by the microplastics we would expect an equal mass mixture of soil and 

microplastic to be less sorptive than the soil by itself. Other reasons for the lower adsorption of 

soil and microplastic mixture than the soil or iron oxides could be due to the changes in pH of 

the solution and presence of lesser amounts of phosphate adsorbing compounds in soil. We have 

already demonstrated in our study (Chapter 5) and other studies (Zhang et al., 2020; Zhao et al., 

2021; Lozano et al., 2020) that microplastics tended to increase the pH of the soil solution which 

might impact on phosphate adsorption. Theoretically increasing pH is known to either increase 

or decrease or to have no effect on phosphate adsorption in soil (Lopez-Hernandez and Burnham, 

1974; Cerozi and Fitzsimmon, 2016). Agbenin (1996) reported an increase in phosphate 

adsorption with increasing pH which was attributed to the retention of Ca2+ ions in the soil. At 

high soil pH, Ca2+ ion constitutes the dominant cation in the cation exchange sites that creates 

positive charges on soil surfaces (Huang and Stumm, 1973) for the adsorption of phosphate 

anions by electrostatic attraction. Nwoke et al. (2003) found that the adsorption of phosphate 

decreased with increasing soil pH and this was attributed to the increased negative charge on the 

soil surface causing electrostatic repulsion of the phosphate. We observed increases in phosphate 

adsorption with increases in pH for all solids (Chapter 4). When the pH of the solution was 

increased from 2.0 to 12.0, phosphate adsorption was less on the soil + microplastics than on the 

soil/ microplastic only (Chapter 4). However, it was tricky to differentiate between phosphate 

adsorption and phosphate precipitation and thus, phosphate removed from the solution might 

have precipitated rather than adsorbed. Effects of pH on the adsorption of phosphate to different 

solids used in our study will be discussed in details in the next chapter. Furthermore, since the 

soil was more adsorptive than the microplastic, adsorption on the mixture of soil and microplastic 

was expected to be dominated by the soil. Lower adsorption of phosphate on the mixture of soil 

and microplastic (compared to the average of adsorption of the soil and microplastic) was likely 

due to the impacts of microplastics on the adsorption sites in the soil. For example, microplastics 

could release additives, plasticisers, etc. which could compete for the phosphate adsorption sites 

in the soil. The additives, plasticisers, etc. could change the pH of the soil solution that might 

impact on the lowering of the adsorption on the soil + microplastic as demonstrated in Chapter 

4.   

 

Above data suggest that the microplastics have the tendency to adsorb phosphate and the 

weathered microplastic (WMP) has the potentiality to increase the adsorption of phosphate. Both 

the pristine (PMP) and weathered microplastics (WMP) are likely to adsorb less phosphate than 
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the soil and iron oxides. Competitive adsorption results in lower levels of phosphate adsorption 

in the mixture of soil and microplastic. Given the far higher adsorption of phosphate to soil than 

the microplastics, fate and behaviour of phosphate in the soil seems unlikely to be much impacted 

by the microplastics.  
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Table 3.6. Studies detailing phosphate adsorption on different types of iron oxides and soil organic matter. Source and concentration of 

phosphorus are different in each study. Concentration of phosphate is converted to phosphorus. Values of all parameters are converted 

to one single unit for the convenience of study. 

 

 

Type of solid Source 

of P 

Initial 

concentration 

of P 

(mg/ L) 

Solid: 

liquid 

(g/ L) 

 

Equilibrium 

time 

(hours) 

CSM 

(mg/ kg) 

b 

(L/ mg) 

 

log Kf 1/ n References 

S1 KH2PO4 0.2 – 200.0 0.006 24 322.58 0.02 4.45 0.59 Author’s own data 

S2 KH2PO4 0.2 – 200.0 0.006 24 507.56 0.06 5.64 0.69 

Ferrihydrite KH2PO4 66.7 – 333.3 0.005 8 66600.00 0.005 3.31 1.12 Ajmal et al., 2018 

Ferrihydrite KH2PO4 1.0 – 250.0 0.002 24 22170.00 0.17 0.88 0.21 Yan et al., 2016 

Goethite KH2PO4 66.7 – 333.3 0.005 8 50500.00 0.007 3.31 1.10 Ajmal et al., 2018 

Goethite KH2PO4 1.0 – 250.0 0.002 24 4670.00 0.13 0.11 0.27 Yan et al., 2016 

Magnetite KH2PO4 66.7 – 333.3 0.005 8 57800 0.0058 3.316 1.29 Ajmal et al., 2018 

Hematite KH2PO4 2.0 - 20.0 0.02 24 --- --- 0.21 1.35 Xiao et al., 2009 

Bayoxide NaH2PO4 0.0 – 45.6 0.05 504 37740.00 1.28 1.28 0.17 Lalley et al., 2016 

Iron oxide 

tailing 

KH2PO4 

 

0.50 – 50.0 0.02 24 8210 0.44 0.56 0.19 Zeng et al., 2004 

Iron oxide 

nanoparticle 

KH2PO4 100 – 2000 0.60 24 5030 25.75 0.60 0.12 Yoon et al., 2014 

Black soil KH2PO4 0.0 – 240.0 0.05 24 847.74 0.03 2.72 0.32 Han et al., 2018 

Sandy soil KH2PO4 0.0 – 36.0 0.60 24 556.45 0.09 6.87 0.35 Debicka et al., 

2016 

Silty loam soil KH2PO4 4 – 70 0.03 24 598 

 

0.17 

 

2.20 0.44 

 

Moazed et al., 

2010 

*CSM = maximum adsorption capacity (mg/ kg), b = binding constant (L/ mg), log Kf  = Freundlich constant, 1/ n = heterogeneity factor, S1 = low organic 

matter soil, S2 = high organic matter soil.  
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Table 3.6 (continued). Studies detailing phosphate adsorption on different types of iron oxides and soil organic matter. 

 

 

Type of solid Source 

of P 

Initial 

concentration 

of P 

(mg/ L) 

Solid: 

liquid 

(g/ L) 

 

Equilibrium 

time 

(hours) 

CSM 

(mg/ kg) 

b 

(L/ mg) 

 

log Kf 1/ n References 

Weathered 

soil 

KH2PO4 0 – 200 0.04 24 1533.5 0.02 2.26 0.38 Guedes et al., 2016 

Peat soil  

(containing 

organic matter 

> 60 %)   

KH2PO4 0 – 100 0.2 24 2830 0.23 8.26 0.49 Yang et al., 2022; 

Yusran, 2010 

Organic soil  

(containing 

organic matter 

~ 20 %)   

KH2PO4 0 – 70 0.08 24 2298 0.19 7.58 0.86 Litaor et al., 2003 

*CSM = maximum adsorption capacity (mg/ kg), b = binding constant (L/ mg), log Kf  = Freundlich constant, 1/ n = heterogeneity factor.  
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3.4.4. Desorption experiments  

 

We could not find any study in the literature concerned with the desorption of phosphate from 

the microplastics following the adsorption. Our data indicated that the desorption of phosphate 

was quite low compared to the phosphate adsorption. Desorption isotherms did not coincide with 

the adsorption which is known as hysteresis. Low levels of desorption were consistent with the 

adsorption being more like the specific (adsorbed ions are principally bound by chemical 

attraction through the formation of inner sphere complexes) than the non-specific (adsorbed ions 

are principally bound by electrostatic attraction through the formation of outer sphere complexes) 

adsorption. Hysteresis index (HI) value was greater for the WMP than the PMP (Table 3.5) 

indicating that the adsorbed phosphate in the WMP showed high persistence and was difficult to 

release back into the solution. The higher the value of HI, the lower is the reversibility (Ding et 

al., 2019). Higher HI value for the S2 compared to that of the S1 (Table 3.5) suggested the lower 

desorption of adsorbed phosphate in the S2 than the S1. For all solid types (microplastics, soils, 

soil + microplastics) used in our experiment, phosphate adsorption data were well fitted to 

Freundlich isotherms and Freundlich fits suggest heterogeneous surfaces, which in turn would 

support hysteresis as suggested by Kan et al. (1994). Hingston et al. (1974) observed desorption 

hysteresis of phosphate with iron oxides and they suggested possible causes for this desorption 

hysteresis. The hysteresis may take place when the adsorption of phosphate changes from a 

monodentate complex to a binuclear bridging complex. In a monodentate complex, ligands are 

bound through one donor atom while a binuclear bridging complex contains two donor atoms 

which are connected by bridging ligands (Hingston et al., 1974). Theoretically binuclear bridging 

complex is more stable than the monodentate complex since the ligands are bound to the 

phosphate at more adsorption sites and both atoms present in the binuclear complex need to be 

removed from the ligand to dissociate (Farzin et al., 2019). Thus, adsorption of phosphate on the 

iron oxides through binuclear bridging complex results in the desorption hysteresis (Hingston et 

al., 1974). In addition, desorption hysteresis can either be due to the physical entrapment of 

phosphate in the inner matrices (composite materials composed of a variety of short or continuous 

fibres bound together) of the chain structure of HDPE, or strong adsorptive interactions between 

phosphate and HDPE leading to irreversible binding of phosphate to the HDPE microplastics 

(Liu et al., 2018; Qi et al., 2014). In our study, both soils desorbed higher percentage of the 

adsorbed phosphate compared to the microplastics (Figure 3.6). This was consistent with Chen 
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et al. (2021) who found an order of magnitude higher desorption rate for the soil than the 

microplastics, however, Chen et al. (2021) was not able to explain the mechanism behind the 

desorption. Lower percentage of triclosan was desorbed from the microplastics than the soils in 

Chen’s study could be due to the specific adsorption of all phosphate to the microplastics, 

whereas a higher percentage of phosphate was desorbed from the soil because of both specifically 

and non-specifically adsorbed phosphate. Non-specifically adsorbed phosphate tends to desorb 

phosphate more readily. Desorption from the weathered microplastic (WMP) was lower 

compared to the pristine microplastic (PMP) (Figure 3.6) which was possibly due to the charged 

surface of the WMP.   

 

 



118 
 

3.5. Conclusion 
 

Phosphate adsorption and desorption phenomena are key aspects of the behaviour of phosphate 

that ultimately governs phosphate levels in soil required for the plant growth. In the present study, 

we examined the adsorption and desorption behaviours of phosphate to microplastics and soils. 

Our results showed the potential for microplastics to adsorb phosphate and UV weathering 

increased the adsorption to a greater extent. Both the pristine (PMP) and weathered (WMP) 

microplastics were likely to adsorb less phosphate than the soils and iron oxides. Comparatively 

higher phosphate adsorption exhibited by the high organic matter soil (S2) was most likely due 

to its higher organic matter content relative to the low organic matter soil (S1). Given the far 

lower adsorption of phosphate to the microplastics compared to the soils and iron oxides, 

microplastics were less likely to control the fate and behaviour of phosphate in soil. In addition, 

our data suggested that phosphate desorption was lower compared to the phosphate adsorption, 

and desorption isotherms do not coincide with the adsorption. The weathered microplastic 

(WMP) desorbed less than the pristine (PMP) one. Lower desorption was observed in the high 

organic matter soil (S2) than the low organic matter soil (S1). Both soils desorbed higher 

percentages of phosphate compared to the microplastics in our study. Although microplastics are 

less likely to control the fate and behaviour of phosphate, microplastics may have impact on the 

soil properties and growth of plants. Thus, our study highlights the need for a wide range of 

nutrients particularly essential nutrients like phosphate that plants require in large concentrations, 

together with a wider range of plastic feedstocks with potentially different surface chemistries 

and sorption characteristics, to be investigated (Chapter 5). Further, smaller particles than those 

investigated here will have a higher surface area to mass ratio which may impact on relative 

adsorption between soil and microplastics such that the impact of particle size also warrants 

further investigation (Chapter 6). Phosphate adsorption and desorption processes are highly 

dependent on pH and ionic strength of the soil solution which were investigated by several 

researchers. Phosphate adsorption and desorption on microplastic surfaces are likely to be 

impacted by pH and ionic strength of the soil solution and thus, we will focus on this in the next 

chapter.  
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Chapter 4 

 

Effects of pH and concentration of background electrolyte 

on phosphate adsorption to the microplastic 

 

 

4.1. Introduction 
 

Chapter 3 showed that the HDPE microplastic can adsorb phosphate. Previous studies (Rodrigo 

et al., 2019; Antelo et al., 2005; Antelo et al., 2010; Wang et al., 2009, Gao and Mucci, 2003) 

reported that the adsorption of phosphate on the iron oxides, aluminium hydroxides, clay 

minerals and soil organic matter was significantly affected by the pH and concentration of the 

background electrolyte. This led to the investigations into the effects of pH and concentration of 

the background electrolyte on the phosphate adsorption to the microplastic surface. The current 

chapter explores the hypothesis that the phosphate adsorption to the microplastic is increased 

with the increasing ionic strength of the background electrolyte at the pH values above the point 

of zero charge (PZC) and the reverse occurs below the PZC. We conducted the present study 

with different concentrations of NaNO3 which was a monovalent electrolyte. Theoretically ionic 

strength is the concentration of ions in a solution, and for the monovalent electrolyte, the ionic 

strength is equal to the concentration. This suggests that the phosphate adsorption is increased 

with the increasing concentration of the background electrolyte above the PZC and the adsorption 

decreases with the increasing concentration of the electrolyte below the PZC.  

 

As far as the author is aware no study until today has studied the effects of pH and concentration 

of the background electrolyte on phosphate adsorption to the microplastic. Very few researches 

(Nan et al., 2020; Sun et al., 2022) have been conducted that investigated the effects of pH and 

concentration of the background electrolyte on the adsorption of other compounds to the 

microplastics. The findings of these researches are often contradictory. For example, Nan et al. 

(2020) reported that pH did not significantly affect the adsorption of strobilurin fungicides on 

microplastics while Sun et al. (2022) observed that adsorption of norfloxacin antibiotic on 

microplastics was first increased when the pH increased from 3 to 5 followed by a decrease at 
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the pH 7. According to Nan et al. (2020), an increase in the electrolyte concentration led to an 

increase in the adsorption of azoxystrobin and picoxystrobin fungicides to the microplastics, 

whereas no significant impact was found for the adsorption of pyraclostrobin fungicide.  

 

Based on the above-mentioned hypothesis, the present study was conducted with different levels 

of pH (ranging from 2 to 12) and background matrices of varying concentrations of electrolyte 

(ranging from 0 to 0.1 M NaNO3 solution) to determine whether the adsorption of phosphate to 

the microplastic surface can be impacted by the effects of pH and concentration of the 

background electrolyte. We used two types of microplastics: pristine and weathered, and two 

types of soils differing in organic matter content. A set of objectives for the present study is 

outlined below.  

 

• To determine the phosphate adsorption to the microplastic with changes in the pH;  

• To determine the phosphate adsorption to the microplastic with changes in the 

concentration of the background electrolyte;  

• To determine the phosphate adsorption to the microplastic with the combined effects of 

pH and concentration of the background electrolyte. 
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4.2. Materials and methodology 
 

 

4.2.1. Materials  
 

Two types of soils were collected from York, UK with contrasting organic matter contents. 

Soil with low organic matter content (S1) was collected from an arable field and soil with 

high organic matter content (S2) was collected from a flower bed. Detailed description of the 

soils along with the processing and characterisation (USDA, 1951; Rowell, 1994) were 

reported in Chapter 3.  

 

Commercial grade high-density polyethylene (HDPE) microplastics powder (Model No. 

SMHD-3006H) was purchased from Qingdao Sunsoar Tech. Co., Ltd. located in Shandong, 

China. The HDPE was produced using rotational molding technique (Sunsoar Tech, n.d.). 

The plastic was confirmed to be HDPE (Chapter 3). An UV lamp (Analytikjena PN 90-0019-

01, USA) with a wavelength of 185 nm (ozone generating) was used to simulate weathering 

of HDPE. Detailed description of the procedure was given in Chapter 3.  

 

 

4.2.2. Determination of point of zero charge (PZC)  
 

The point of zero charge (PZC) of the solids (soil, microplastic, soil + microplastic) was 

determined according to the mass titration method outlined by Noh and Schwarz (1989). The 

experiment was conducted at room temperature with 0.1 M KCl as a background electrolyte. 

The experiment was carried out using an increasing mass of the solids which were added to 

a known volume of KCl in a centrifuge tube (50 ml) and allowed to equilibrate for about 24 

hours to achieve optimal mixing and adsorption of ions onto the solids. A total of nine 

centrifuge tubes (50 ml) were used and each contained 40 ml of 0.1 M KCl solution. 

Increasing mass (0.01, 0.05, 0.10, 0.30, 0.50, 0.80, 1.00, 1.50, 2.00 g) of the solids were added 

to the centrifuge tubes containing 40 ml KCl solution. The centrifuge tubes were shaken using 

the horizontal shaker (IKA, KS 260 basic, Europe) for 24 hours, centrifuged at 2000 rpm for 

10 minutes and filtered through Whatman filter paper (#42). After that the equilibrium pH of 

each solution was measured by a pH meter (Benchtop, Thermo Orion). We plotted the 

equilibrium pH versus the amount of the solid added, and we observed that the equilibrium 

pH was increased with the increasing amount of the solid. Finally we determined the PZC at 

the inflection point (no change in pH with the addition of solid).  

https://www.alibaba.com/product-detail/Hdpe-High-Density-Polyethylene-For-Rotational_62414325816.html
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4.2.3. Effects of pH and concentration of background electrolyte on phosphate 

adsorption 

 

In the present study, we determined the total phosphorus content in our samples using the 

ICP-OES (Thermo Scientific ICAP 7000 Series, UK). We did not measure the speciation of 

P. As we measured the content of total P and did not measure its speciation in the following 

we refer to the adsorption of phosphate assuming that the majority of the P was present as 

PO4
3- or related, e.g. HPO4

2- ion (Chapter 3). Nonetheless, all concentrations reported are for 

total P.  

 

Adsorption experiments were conducted using 0.2 to 200.0 mg/ L phosphorus solution with 

triplicate of all solids and solid-free control treatments (with different ranges of pH and 

background matrices of varying concentrations of electrolyte) at each concentration. 

Phosphorus solution was prepared by dissolving analytical grade potassium dihydrogen 

phosphate (KH2PO4) in a background electrolyte of varying concentrations (0 to 0.1 M) of 

NaNO3, to maintain a constant ionic strength in the solution. For the 0 M concentration, 

deionised water was used instead of NaNO3. For the 0.01 and 0.10 M concentrations, 0.01 

and 0.10 M NaNO3 solutions were used. At each concentration of background electrolyte, the 

pH of the solution was adjusted by adding 0.05 to 0.5 M HNO3 or NaOH solutions until the 

pH was close to the desired value ranging from 2 to 12 and then allowed to drift (Liu et al., 

2011). 

 

Both the pristine HDPE (PMP) and weathered HDPE (WMP) were washed with the analytical 

grade n-hexane (95 %) and methanol (99.85 %) for 24 hours each to remove any kind of 

impurities and then dried at room temperature. After that, 0.2 g HDPE (PMP, WMP) were 

placed into the screw-cap glass vials (50 ml) and 30 ml of phosphorus solution was added 

with different ranges of pH and different concentrations of background electrolyte. 

Aluminium foils were wrapped around the top of the vials before putting the lids on and then 

the vials were shaken for 24 hours on a flatbed shaker at 180 rpm at the room temperature 

(Moazed et al., 2010). Control vials containing P solution with different values of pH and 

different concentrations of background electrolyte, but without the HDPE were also treated 

the same way. After 24 hours, triplicate sacrificial replicates were filtered through Whatman 

No. 42 filter paper and the supernatant was analyzed for P content using an Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES, Thermo Scientific ICAP 7000 

Series, UK). Similar adsorption experiments were carried out using 0.2 g soil (S1, S2) and 
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also a mixture of soil and microplastics (S1 + PMP, S1 + WMP, S2 + PMP, S2 + WMP) in 

30 ml of P solution. Regarding the mixture of soil and microplastics, 0.1 g soil and 0.1 g 

HDPE were mixed in 30 ml of P solution so that the total weight of the solid became 0.2 g.  

 

 

4.2.4. Quality control and statistical analysis  
 

Detection limits for the analytical instruments used were calculated as the mean plus six times 

the standard deviation of ten repeated measurements of the blank standard (Walsh, 1997). All 

data were above the detection limit. Accuracy of calibration was determined by analysis of 

an in-house certified reference material (CRM). Analytical precision was calculated from the 

coefficient of variation (CV) determined from the duplicate analysis of 10 % of the samples 

that were at least 100 times higher than the detection limit and determining the median of the 

difference between the duplicate measurements expressed as a percentage of their mean value 

(Gill and Ramsey, 1997). Quality control data for chemical analysis associated with each set 

of experiments are provided in Table B1. All calculations were done in the same way as 

outlined in Chapter 3 (Section 3.2.4). Three-way analysis of variance (ANOVA) tests were 

used to detect the significant differences in partition coefficient (Kd), maximum adsorption 

capacity (CSM) and Freundlich constant (log Kf) between the solid type (factor 1), pH (factor 

2) and concentration of the background electrolyte (factor 3). Further analysis was made with 

post hoc test to know which solid type, pH and ionic strength groups are different from each 

other at 5 % level of significance using Tukey’s Honestly Significant Difference (HSD) 

method. 

 

All data were analyzed using IBM SPSS Statistics (version 25) software. Data were tested for 

normal distribution using the Shapiro-Wilk and Kolmogorov-Smirnov test and equal variance 

using Levene’s mean test. Data were normally distributed for all analyses and thus no data 

transformation was required.
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4.3. Results  

 
 

4.3.1. Determination of point of zero charge (PZC)  
 

 

The point of zero charge (PZC) of the pristine microplastic (PMP) was lower than the 

weathered (WMP) one (Table 4.1). Low organic matter soil (S1) had higher PZC compared 

to that of the high organic matter soil (S2). 95 % confidence intervals around the mean values 

of the PZC for the low organic matter soil + pristine microplastics (S1 + PMP) and the low 

organic matter soil + weathered microplastic (S1 + WMP) were overlapped and thus they 

were unlikely to be significantly different (Table 4.1). When the high organic matter soil was 

mixed with the weathered microplastic (S2 + WMP), PZC was comparatively higher than the 

mixture of soil and pristine microplastic (S2 + PMP).   

 

Table 4.1. Point of zero charge (PZC) of the different solids (n = 2). The PZC was determined 

following the method in Section 4.2.2. Values of two replications are separated by comma 

(,).   

 

Solid type Point of zero charge (PZC) 

PMP 6.30, 6.32 

WMP 6.77, 6.79 

S1 5.25, 5.27 

S2 4.51, 4.51 

S1 + PMP 4.51, 4.53 

S1 + WMP 4.84, 4.84 

S2 + PMP 3.44, 3.44 

S2 + WMP 3.75, 3.76 

 

*PMP = pristine HDPE, WMP = weathered HDPE, S1 = low organic matter soil, S2 = high organic matter 

soil, S1 + PMP = mixture of low organic matter soil and pristine HDPE, S1 + WMP = mixture of low 

organic matter soil and weathered HDPE, S2 + PMP = mixture of high organic matter soil and pristine 

HDPE, S2 + WMP = mixture of high organic matter soil and weathered HDPE. 
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4.3.2. Effects of pH and concentration of background electrolyte on partition 

coefficient 

 

Our data indicated that the soil, microplastic and the mixture of both behaved in a similar 

pattern regarding the Kd values (Figure 4.1, Table B2). For all solids, Kd values were 

decreased with the increasing pH and with the reduced concentration of background 

electrolyte. Three-way ANOVA test indicated that the Kd varied significantly (p < 0.05) with 

the solid type, pH and concentration of the background electrolyte. Interactions of these three 

factors were also significant (p < 0.05). The weathered microplastic (WMP) had higher Kd 

than the pristine microplastic (PMP), and the high organic matter soil (S2) had higher Kd 

compared to the low organic matter soil (S1). There were no significant (p > 0.05) differences 

in Kd for the mixture of low organic matter soil and pristine microplastic (S1 + PMP) 

compared to that of the mixture of low organic matter soil and weathered microplastic (S1 + 

WMP). Likewise, no significant (p > 0.05) differences were observed in Kd for the mixture 

of high organic matter soil and pristine microplastic (S2 + PMP) compared to that of the 

mixture of high organic matter soil and weathered microplastic (S2 + WMP). Across the pH 

values Kd was significantly (p < 0.05) decreased from pH 2 to pH 5, from pH 5 to pH 7, from 

pH 7 to pH 9, and from pH 9 to pH 12. The solid type and pH showed significant (p < 0.05) 

interaction. Across the concentration of background electrolyte Kd was significantly greater 

in 0.10 M compared to the 0 and 0.01 M concentrations. There was no significant difference 

between 0 and 0.01 M concentrations. For the weathered microplastic (WMP), there were no 

significant (p > 0.05) differences in Kd between pH 5 and 7, and between pH 9 and 12 at the 

concentrations of 0 and 0.01 M (Figure 4.1b, Table B2). For the high organic matter soils 

(S2), there was no significant difference between 0.01 and 0.10 M concentrations at pH 7 

(Figure 4.1d, Table B2). For the low organic matter soil and pristine microplastic (S1 + PMP), 

Kd decreased gradually with the increasing pH from 2 to 7 followed by a decrease at pH 12 

for the 0 and 0.01 M concentrations (Figure 4.1e, Table B2). Mixture of low organic matter 

soil and weathered microplastic (S1 + WMP) followed the same trend as the S1 + PMP 

(Figure 4.1f, Table B2). The solid type and concentration of the background electrolyte 

showed significant (p < 0.05) interaction whilst the interaction between the pH and 

concentration of the background electrolyte was not significant (p > 0.05).  
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Figure 4.1. Partition coefficient, Kd for different solids: (a) PMP = pristine HDPE, (b) WMP = weathered HDPE, (c) S1 = low organic matter soil 

and (d) S2 = high organic matter soil for P adsorption at different values of pH and different concentrations of background electrolyte. Mass of 

solid used is 0.2 g and volume of solution is 30 ml. Kd values are calculated from the slope of linear regression (independent variable: P 

concentration present in the solution, Caq; dependent variable: P adsorbed to the solid, Cs). Error bars indicate standard deviations of means with 

three replicates (n = 3 for each set of data). Some data points are overlapping and thus all the replications are not visible. Some error bars are not 

visible as they are smaller than the symbols in the figure.   
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Figure 4.1. Partition coefficient, Kd for different solids: (e) S1 + PMP = mixture of low organic matter soil and pristine HDPE, (f) S1 + WMP = 

mixture of low organic matter soil and weathered HDPE, (g) S2 + PMP = mixture of high organic matter soil and pristine HDPE and (h) S2 + 

WMP = mixture of high organic matter soil and weathered HDPE for P adsorption at different values of pH and different concentrations of 

background electrolyte. Mass of solid used is 0.2 g and volume of solution is 30 ml. Kd values are calculated from the slope of linear regression 

(independent variable: P concentration present in the solution, Caq; dependent variable: P adsorbed to the solid, Cs). Error bars indicate standard 

deviations of means with three replicates (n = 3 for each set of data). Some data points are overlapping and thus all the replications are not visible. 

Some error bars are not visible as they are smaller than the symbols in the figure.   
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4.3.3. Effects of pH and concentration of background electrolyte on Langmuir 

parameters  

 

Although Langmuir isotherms were not good fit for the solids at all ranges of pH and the 

concentration of the background electrolyte (Table B3), the fits to the Langmuir isotherms 

were used to determine the maximum adsorption capacities, CSM and binding constants, b 

(Table B3). All solids followed a general trend in our study indicating that the CSM were 

decreased with the increasing pH and with the reduced concentration of background 

electrolyte (Figure 4.2, Table B3). There were significant (p < 0.05) differences in the CSM 

values between the solid type, pH and concentration of the background electrolyte. The 

weathered microplastic (WMP) had higher CSM than the pristine microplastic (PMP). High 

organic matter soil (S2) had higher CSM compared to the low organic matter soil (S1). There 

were no significant (p > 0.05) differences in CSM for the mixture of soil and microplastic 

which was true for both soil types and both microplastics (S1 + PMP, S1 + WMP, S2 + PMP, 

S2 + WMP). No significant (p > 0.05) differences in CSM were associated between the 

concentration of background electrolyte 0 and 0.01 M. Across the pH values maximum CSM 

values were found for the pH 2 whilst minimum values for the pH 12. Values of pH were 

significantly (p < 0.05) decreased from the pH 2 to 5, from pH 5 to pH 7, from pH 7 to pH 9, 

and from the pH 9 to pH 12. There were no significant differences in CSM between 0 and 0.01 

M concentrations, with the CSM showed maximum value in the 0.10 M concentration than the 

other two concentrations. We did not observe any significant (p > 0.05) interaction between 

the solid type and pH. Non-significant (p > 0.05) interactions were also found for the solid 

type and concentration of the background electrolyte, and for the pH and concentration of the 

background electrolyte. However, significant (p < 0.05) interaction was observed between 

the solid type, pH and concentration of the background electrolyte. Although all solids 

behaved in a similar pattern, mixture of high organic matter soil and weathered microplastic 

(S2 + WMP) showed a different pattern in CSM with the increasing pH. At the highest 

concentration (0.10 M) of background electrolyte, CSM were decreased with the increasing 

pH from 2 to 5 followed by an increase to pH 7 which was then decreased to the pH 9 (4.2h, 

Table B3).  

 

95 % confidence intervals around the mean values of binding constants (b) for the solids (for 

each treatment) were overlapped (Table 4.2) and thus they were unlikely to be significantly 

different. Thus, we did not perform three-way ANOVA test for the binding constants and not 

plotted here. 
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Figure 4.2. Maximum adsorption capacity, CSM for different solids: (a) PMP = pristine HDPE, (b) WMP = weathered HDPE, (c) S1 = low organic 

matter soil and (d) S2 = high organic matter soil for P adsorption at different values of pH and different concentrations of background electrolyte. 

Mass of solid used is 0.2 g and volume of solution is 30 ml. CSM values are calculated from the intercept (1/ CSM) of linear regression (independent 

variable: inverse of P concentration present in the solution, 1/ Caq; dependent variable: inverse of P adsorbed to the solid, 1/ Cs). Error bars indicate 

standard deviations of means with three replicates (n = 3 for each set of data). Some data points are overlapping and thus all the replications are 

not visible. Some error bars are not visible as they are smaller than the symbols in the figure.   
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Figure 4.2. Maximum adsorption capacity, CSM for different solids: (e) S1 + PMP = mixture of low organic matter soil and pristine HDPE, (f) S1 

+ WMP = mixture of low organic matter soil and weathered HDPE, (g) S2 + PMP = mixture of high organic matter soil and pristine HDPE and (h) 

S2 + WMP = mixture of high organic matter soil and weathered HDPE for P adsorption at different values of pH and different concentrations of 

background electrolyte. Mass of solid used is 0.2 g and volume of solution is 30 ml. CSM values are calculated from the intercept (1/ CSM) of linear 

regression (independent variable: inverse of P concentration present in the solution, 1/ Caq; dependent variable: inverse of P adsorbed to the solid, 

1/ Cs). Error bars indicate standard deviations of means with three replicates (n = 3 for each set of data). Some data points are overlapping and thus 

all the replications are not visible. Some error bars are not visible as they are smaller than the symbols in the figure.   
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Table 4.2. Binding constants (L/ mg) for phosphorus adsorption at different values of pH (2 to 12) and different concentrations of background 

electrolyte (0 to 0.10 M NaNO3). Mass of solid used is 0.2 g. Volume of solution is 30 ml. Binding constant (b) is determined from the slope (1/ 

bCSM) of linear regression where CSM = maximum adsorption capacity (mg/ kg). For the linear regression, 1/ Caq (inverse of phosphorus 

concentration present in the solution) is the independent and 1/ Cs (inverse of phosphorus adsorbed to the solid) is the dependent variables. 95 % 

confidence intervals are calculated which are shown in brackets. Upper and lower limit of confidence intervals are separated by comma (,).   

 

Values of pH 

and 

concentration 

of NaNO3 

Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

pH 2, 

conc. 0.00 M 

0.09 

(0.05, 0.12) 

0.12 

(0.80, 1.02) 

0.47 

(0.22, 0.57) 

0.82 

(0.55, 0.97) 

0.64 

(0.32, 1.07) 

0.79 

(0.52, 1.11) 

0.65 

(0.33, 1.09) 

0.81 

(0.53, 1.12) 

pH 5, 

conc. 0.00 M 

0.09 

(0.07, 0.11) 

0.07 

(0.04, 1.16) 

0.49 

(0.24, 0.61) 

0.48 

(0.20, 0.56) 

0.49 

(0.23, 0.58) 

0.84 

(0.54, 0.98) 

0.49 

(0.21, 0.59) 

0.86 

(0.58, 0.99) 

pH 7, 

conc. 0.00 M 

1.36 

(1.05, 1.52) 

1.29 

(1.05, 1.42) 

0.56 

(0.29, 0.74) 

0.61 

(0.46, 0.86) 

0.81 

(0.57, 1.34) 

0.83 

(0.59, 1.36) 

0.84 

(0.61, 1.38) 

0.82 

(0.58, 1.35) 

pH 9, 

conc. 0.00 M 

1.46 

(1.15, 1.72) 

1.26 

(1.04, 1.49) 

0.89 

(0.54, 1.09) 

0.86 

(0.61, 1.16) 

0.64 

(0.32, 1.07) 

0.79 

(0.52, 1.11) 

0.65 

(0.33, 1.09) 

0.81 

(0.53, 1.12) 

pH 12, 

conc. 0.00 M 

1.48 

(1.21, 1.76) 

1.36 

(1.14, 1.56) 

0.88 

(0.55, 1.07) 

0.87 

(0.62, 1.18) 

0.49 

(0.23, 0.58) 

0.84 

(0.64, 0.98) 

0.49 

(0.21, 0.59) 

0.86 

(0.51, 0.99) 

pH 2, 

conc. 0.01 M 

0.08 

(0.03, 1.16) 

1.66 

(1.12, 1.89) 

0.64 

(0.21, 0.96) 

0.75 

(0.31, 1.08) 

0.68 

(0.33, 1.16) 

0.64 

(0.38, 1.21) 

0.79 

(0.31, 1.26) 

0.81 

(0.41, 1.31) 

pH 5, 

conc. 0.01 M 

0.8 

(0.05, 0.19) 

1.79 

(1.44, 2.01) 

0.68 

(0.35, 1.09) 

0.86 

(0.44, 1.25) 

0.73 

(0.43, 1.19) 

0.74 

(0.49, 1.21) 

0.87 

(0.51, 1.49) 

0.88 

(0.54, 1.42) 

pH 7, 

conc. 0.01 M 

1.09 

(0.50, 1.12) 

1.59 

(1.25, 1.82) 

0.67 

(0.36, 1.11) 

0.88 

(0.46, 1.23) 

0.49 

(0.23, 0.68) 

0.84 

(0.64, 0.98) 

0.49 

(0.21, 0.59) 

0.86 

(0.51, 0.99) 
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Table 4.2 (continued). Binding constants (L/ mg) for phosphorus adsorption at different values of pH (2 to 12) and different concentrations of 

background electrolyte (0 to 0.10 M NaNO3). 

 

Values of pH 

and 

concentration 

of NaNO3 

Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

pH 9, 

conc. 0.01 M 

1.36 

(1.09, 1.56) 

1.09 

(0.8, 1.14) 

0.84 

(0.46, 1.23) 

0.85 

(0.48, 1.28) 

1.04 

(0.79, 1.54) 

1.14 

(0.84, 1.68) 

1.19 

(0.81, 1.62) 

1.21 

(0.81, 1.48) 

pH 12, 

conc. 0.01 M 

1.29 

(0.80, 1.46) 

1.57 

(1.24, 1.72) 

0.74 

(0.36, 1.41) 

0.88 

(0.46, 1.39) 

1.24 

(0.86, 1.64) 

1.16 

(0.87, 1.63) 

1.22 

(0.83, 1.64) 

1.19 

(0.79, 1.49) 

pH 2, 

conc. 0.10 M 

0.70 

(0.30, 1.05) 

1.36 

(1.04, 1.72) 

0.76 

(0.38, 1.46) 

0.78 

(0.41, 1.49) 

1.25 

(0.87, 1.63) 

1.04 

(0.79, 1.54) 

1.14 

(0.84, 1.68) 

1.19 

(0.79, 1.49) 

pH 5, 

conc. 0.10 M 

1.59 

(1.25, 1.84) 

1.38 

(1.12, 1.75) 

0.91 

(0.68, 1.26) 

0.89 

(0.61, 1.32) 

1.24 

(0.92, 1.74) 

1.25 

(0.94, 1.79) 

1.32 

(1.01, 1.82) 

1.21 

(0.81, 1.48) 

pH 7, 

conc. 0.10 M 

1.61 

(1.47, 1.82) 

1.41 

(1.19, 1.82) 

1.29 

(0.90, 1.42) 

1.46 

(1.09, 1.82) 

1.25 

(0.87, 1.63) 

1.04 

(0.79, 1.54) 

1.14 

(0.84, 1.68) 

1.19 

(0.79, 1.49) 

pH 9, 

conc. 0.10 M 

1.59 

(1.35, 1.78) 

1.59 

(1.24, 1.86) 

1.28 

(1.02, 1.46) 

1.26 

(1.09, 1.87) 

1.04 

(0.79, 1.54) 

1.14 

(0.84, 1.68) 

1.19 

(0.81, 1.62) 

1.21 

(0.81, 1.48) 

pH 12, 

conc. 0.10 M 

1.29 

(0.90, 1.32) 

1.54 

(1.27, 1.92) 

1.49 

(1.12, 1.78) 

1.52 

(1.23, 1.84) 

1.05 

(0.77, 1.52) 

1.17 

(0.83, 1.68) 

1.18 

(0.81, 1.64) 

1.22 

(0.83, 1.46) 

*PMP = Pristine microplastic, WMP = weathered microplastic, S1 = low organic matter soil, S2 = high organic matter soil, S1 + PMP = low organic matter soil + pristine 

microplastic, S1 + WMP = low organic matter soil + weathered microplastic, S2 + PMP = high organic matter soil + pristine microplastic, S2 + WMP = high organic 

matter soil + weathered microplastic. Langmuir equation is expressed as 
𝐶𝑠

𝐶𝑎𝑞
=

bCSM

1 + 𝐶𝑎𝑞b
, where, Cs = amount of P adsorbed on solid (mg/ kg), Caq = concentration of P in 

equilibrium solution (mg/ L), CSM = maximum adsorption capacity (mg/ kg), b = binding constant (L/ mg). 
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4.3.4. Effects of pH and concentration of background electrolyte on 

Freundlich parameters  

 

Freundlich parameters were good fits for the solids for different ranges of pH and different 

concentrations of the background electrolyte (Table B4). There were significant (p < 0.05) 

differences in the log Kf values between the solid type, pH and concentration of the 

background electrolyte. The interactions of these three factors were also significant (p < 0.05). 

The weathered microplastic (WMP) had higher log Kf compared to the pristine microplastic 

(PMP). High organic matter soil (S2) had higher log Kf compared to the low organic matter 

soil (S1). There were no significant (p > 0.05) differences in log Kf for the mixture of soil and 

microplastic. This trend was followed by both soil types and microplastics (S1 + PMP, S1 + 

WMP, S2 + PMP, S2 + WMP). Across the pH values log Kf  was significantly (p < 0.05) 

decreased from pH 2 to pH 5, from 5 to pH 7, and from the pH 7 to pH 9. There were no 

significant (p > 0.05) differences between the pH 9 and pH 12. Across the concentration of 

background electrolyte there were no significant (p > 0.05) differences in log Kf between the 

0 and 0.01 M. Significant (p < 0.05) interactions were found between the solid type and pH 

whilst the interactions between the solid type and concentration of the background electrolyte 

was not significant. Interactions between the pH and concentration of the background 

electrolyte were not significant (p > 0.05). The microplastic, soil and mixture of both showed 

different trends regarding the log Kf. The log Kf values for the PMP and the WMP increased 

with the increasing pH and with the increased concentration of the background electrolyte 

(Figure 4.3a, 4.3b, Table B4). The 0.10 M concentration showed higher log Kf for the PMP 

and WMP compared to the 0 and 0.01 M concentrations at all values of pH ranging from 2 to 

12. The log Kf values for both soils (S1, S2) decreased with the increasing pH and with the 

increasing concentration of the background electrolyte (Figure 4.3b, 4.3c, Table B4). The log 

Kf for the mixture of low organic matter soil and pristine microplastic (S1 + PMP) followed 

the same trend as the soils (Figure 4.3e, Table B4). The log Kf for the mixture of low organic 

matter soil and weathered microplastic (S1 + WMP) showed similar trends as the S1 + PMP 

with the increasing pH. However, the S1 + WMP showed different trend for the log Kf with 

the increasing concentration of the background electrolyte indicating that the log Kf were 

decreased with the increasing concentration of the electrolyte (Figure 4.3f, Table B4). The 

mixture of high organic matter soil and microplastic (S2 + PMP, S2 + WMP) followed the 

same trend as the S1 + PMP (Figure 4.3g, 4.3h, Table B4).  
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95 % confidence intervals around the mean values of the heterogeneity factor (1/ n) for all 

solids (for each treatment) were overlapped (Table 4.3) and thus they were unlikely to be 

significantly different. Thus, we did not perform three-way ANOVA test for the heterogeneity 

factors and not plotted here. 
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Figure 4.3. Freundlich constant, log Kf for different solids: (a) PMP = pristine HDPE, (b) WMP = weathered HDPE, (c) S1 = low organic matter 

soil and (d) S2 = high organic matter soil for P adsorption at different values of pH and different concentrations of background electrolyte. Mass 

of solid used is 0.2 g and volume of solution is 30 ml. Log Kf is determined from the intercept of linear regression (independent variable: log value 

of P concentration present in the solution, log Caq; dependent variable: log value of P adsorbed to the solid, log Cs). Error bars indicate standard 

deviations of means with three replicates (n = 3 for each set of data). Some data points are overlapping and thus all the concentrations of background 

electrolyte are not visible. Some error bars are not visible as they are smaller than the symbols in the figure.   
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Figure 4.3. Freundlich constant, log Kf for different solids: (e) S1 + PMP = mixture of low organic matter soil and pristine HDPE, (f) S1 + WMP 

= mixture of low organic matter soil and weathered HDPE, (g) S2 + PMP = mixture of high organic matter soil and pristine HDPE and (h) S2 + 

WMP = mixture of high organic matter soil and weathered HDPE for P adsorption at different values of pH and different concentrations of 

background electrolyte. Mass of solid used is 0.2 g and volume of solution is 30 ml. Log Kf is determined from the intercept of linear regression 

(independent variable: log value of P concentration present in the solution, log Caq; dependent variable: log value of P adsorbed to the solid, log 

Cs). Error bars indicate standard deviations of means with three replicates (n = 3 for each set of data). Some data points are overlapping and thus 

all the concentrations of background electrolyte are not visible. Some error bars are not visible as they are smaller than the symbols in the figure.   
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Table 4.3. Heterogeneity factors (1/ n) for phosphorus adsorption at different values of pH (2 to 12) and different concentrations of background 

electrolyte (0 to 0.10 M NaNO3). Mass of solid used is 0.2 g. Volume of solution is 30 ml. 1/ n is determined from the slope of linear regression 

(independent variable: log value of P concentration present in the solution, log Caq; dependent variable: log value of P adsorbed to the solid, log 

Cs). 95 % confidence intervals are calculated which are shown in brackets. Upper and lower limit of confidence intervals are separated by comma 

(,).   

 

Values of pH 

and 

concentration 

of NaNO3 

Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

pH 2, 

conc. 0.00 M 

0.68 

(0.54, 0.82) 

0.64 

(0.51, 0.79) 

0.81 

(0.75, 0.91) 

0.89 

(0.62, 1.06) 

0.70 

(0.52, 0.91) 

0.78 

(0.53, 0.97) 

0.79 

(0.61, 0.93) 

0.75 

(0.67, 0.96) 

pH 5, 

conc. 0.00 M 

0.84 

(0.65, 1.15) 

0.85 

(0.72, 1.23) 

0.83 

(0.66, 0.99) 

0.86 

(0.55, 0.91) 

0.72 

(0.54, 0.94) 

0.78 

(0.53, 0.97) 

0.81 

(0.79, 0.95) 

0.73 

(0.65, 0.94) 

pH 7, 

conc. 0.00 M 

0.75 

(0.46, 0.97) 

0.67 

(0.49, 0.93) 

0.72 

(0.45, 0.95) 

0.71 

(0.52, 0.90) 

0.77 

(0.56, 0.96) 

0.70 

(0.53, 0.94) 

0.74 

(0.46, 0.98) 

0.70 

(0.55, 0.95) 

pH 9, 

conc. 0.00 M 

0.77 

(0.61, 0.84) 

0.84 

(0.76, 1.14) 

0.75 

(0.56, 0.95) 

0.93 

(0.79, 1.13) 

0.69 

(0.48, 0.86) 

0.87 

(0.73, 1.11) 

0.79 

(0.58, 0.83) 

0.87 

(0.72, 1.13) 

pH 12, 

conc. 0.00 M 

0.73 

(0.64, 0.89) 

0.74 

(0.59, 1.03) 

0.86 

(0.67, 1.14) 

0.85 

(0.56, 1.21) 

0.78 

(0.63, 0.91) 

0.83 

(0.65, 1.16) 

0.94 

(0.76, 1.04) 

0.95 

(0.77, 1.18) 

pH 2, 

conc. 0.01 M 

0.64 

(0.51, 0.79) 

0.68 

(0.54, 0.82) 

0.89 

(0.62, 1.06) 

0.81 

(0.75, 0.91) 

0.79 

(0.61, 0.93) 

0.70 

(0.52, 0.91) 

0.78 

(0.53, 0.97) 

0.75 

(0.67, 0.96) 

pH 5, 

conc. 0.01 M 

0.74 

(0.59, 1.03) 

0.73 

(0.64, 0.89) 

0.85 

(0.56, 1.21) 

0.86 

(0.67, 1.14) 

0.83 

(0.65, 1.16) 

0.94 

(0.76, 1.04) 

0.78 

(0.63, 0.91) 

0.83 

(0.65, 1.16) 

pH 7, 

conc. 0.01 M 

0.68 

(0.54, 0.82) 

0.64 

(0.51, 0.79) 

0.61 

(0.50, 0.71) 

0.59 

(0.42, 0.76) 

0.70 

(0.52, 0.91) 

0.58 

(0.43, 0.67) 

0.79 

(0.61, 0.94) 

0.85 

(0.67, 1.00) 
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Table 4.3 (continued). Heterogeneity factors (1/ n) for phosphorus adsorption at different values of pH (2 to 12) and different concentrations of 

background electrolyte (0 to 0.10 M NaNO3). 

 

Values of pH 

and 

concentration 

of NaNO3 

Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

pH 9, 

conc. 0.01 M 

0.68 

(0.54, 0.82) 

0.64 

(0.51, 0.79) 

0.81 

(0.75, 0.91)  

0.89 

(0.62, 1.06)  

0.70 

(0.52, 0.91) 

0.78 

(0.53, 0.97) 

0.79 

(0.61, 0.93) 

0.75 

(0.67, 0.96) 

pH 12, 

conc. 0.01 M 

0.63 

(0.51, 0.80) 

0.66 

(0.54, 0.82) 

0.91 

(0.76, 1.31)  

0.93 

(0.69, 1.39)  

0.73 

(0.54, 0.93) 

0.76 

(0.51, 0.96) 

0.78 

(0.62, 0.91) 

0.74 

(0.65, 0.93) 

pH 2, 

conc. 0.10 M 

0.79 

(0.54, 1.32) 

0.74 

(0.51, 1.39) 

0.83 

(0.50, 1.41)  

0.89 

(0.52, 1.56)  

0.67 

(0.42, 0.81) 

0.68 

(0.43, 0.87) 

0.79 

(0.61, 0.94) 

0.75 

(0.67, 1.00) 

pH 5, 

conc. 0.10 M 

0.82 

(0.55, 1.39) 

0.84 

(0.55, 1.43) 

0.92 

(0.65, 1.51)  

0.94 

(0.72, 1.66)  

0.73 

(0.55, 0.93) 

0.57 

(0.44, 0.68) 

0.69 

(0.41, 0.84) 

0.65 

(0.47, 0.89) 

pH 7, 

conc. 0.10 M 

0.76 

(0.51, 1.30) 

0.75 

(0.50, 1.40) 

0.84 

(0.50, 1.42)  

0.91 

(0.53, 1.58)  

0.68 

(0.43, 0.87) 

0.75 

(0.67, 1.00) 

0.79 

(0.61, 0.94) 

0.67 

(0.42, 0.81) 

pH 9, 

conc. 0.10 M 

0.68 

(0.54, 0.82) 

0.64 

(0.51, 0.79) 

0.81 

(0.50, 1.31)  

0.89 

(0.42, 1.36)  

0.75 

(0.56, 0.94) 

0.77 

(0.53, 0.98) 

0.78 

(0.63, 0.92) 

0.75 

(0.67, 0.95) 

pH 12, 

conc. 0.10 M 

0.68 

(0.54, 0.82) 

0.64 

(0.51, 0.79) 

0.93 

(0.50, 1.57)  

0.92 

(0.42, 1.56)  

0.73 

(0.54, 0.93) 

0.76 

(0.51, 0.96) 

0.78 

(0.62, 0.91) 

0.74 

(0.65, 0.93) 

*PMP = Pristine microplastic, WMP = weathered microplastic, S1 = low organic matter soil, S2 = high organic matter soil, S1 + PMP = low organic matter soil + pristine 

microplastic, S1 + WMP = low organic matter soil + weathered microplastic, S2 + PMP = high organic matter soil + pristine microplastic, S2 + WMP = high organic 

matter soil + weathered microplastic. Freundlich equation is expressed as 𝐶𝑠 = 𝐾𝑓𝐶𝑎𝑞
     1/𝑛 where, Cs = amount of P adsorbed on solid (mg/ kg), Caq = concentration of P 

in equilibrium solution (mg/ L), log Kf = Freundlich constant, 1/ n = heterogeneity factor. 



154 
 

4.4. Discussion 

 
 

Since the adsorption of phosphate ion (PO4
3-) is likely to be dependent on the pH and 

concentration of the background electrolyte (Liu et al., 2011; Chitrakar et al., 2006; Bolan et 

al., 1986), it was expected that the pH and concentration of background electrolyte would 

impact on the adsorption of phosphate to the HDPE microplastic, which was verified in our 

present study. As far as the present author is aware there are no published studies on the 

effects of pH and concentration of background electrolyte on the anion adsorption to the 

microplastic surface. There were few studies that studied the effects of pH and concentration 

of background electrolyte on the adsorption of cations (Holmes et al., 2012; Binda et al., 

2021; Medynska-Juraszek and Jadhav, 2022) and organic compounds (Liu et al., 2019; 

Deng et al., 2012; You et al., 2010). 

 

4.4.1. Phosphate adsorption at point of zero charge (PZC) 

 

The point of zero charge (PZC) of the pristine (PMP) and weathered (WMP) microplastics 

(Table 4.1) were higher than the reported literature value of 4.30 for the polyethylene (Xu et 

al., 2018). This was probably due to the different methods used for the determination of the 

PZC and variations in the additives and dyes added during the manufacturing processes. We 

used the mass titration method (involving the use of an increasing mass of the solid to a 

known volume of the electrolyte) for the determination of the PZC, but Xu et al. (2018) used 

the potentiometric titration (determined the amounts of adsorbed H+/ OH− ions from the pH 

difference between the blank and acid/ base titrated suspensions at each different 

concentrations of the electrolyte) for the determination of the PZC in their study. It is worth 

noting that the PZC of the WMP (6.77, 6.79) was higher than the PMP (6.30, 6.32) in our 

study which could be due to the differences in surface chemistries and functional groups. The 

PZC values for different soils (ranging from 1.6 to 4.6) reported in the literatures are 

consistent with our findings of high organic matter soil (S2 = 4.51, 4.51). However, the PZC 

of the low organic matter soil, (S1 = 5.25, 5.27) was comparatively higher than the reported 

values (1.6 to 4.6) which was possibly due to the differences in origin, mineralogical 

composition and buffering capacity. The PZC of the S1 found in our study were higher than 

the PZC of the S2 which supported the observations of Wada and Okamura (1980) that the 

presence of organic matter tends to shift the PZC of the soil to lower values. The S2 had a 

higher organic matter content and therefore we would expect its PZC to be lower.  

https://www.sciencedirect.com/science/article/pii/S2667010021000214#bib0022
https://www.sciencedirect.com/science/article/pii/S2667010021000214#bib0140
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According to Ma et al. (2019), phosphate adsorption in the soil occurred at pH values below 

and above the point of zero charge (PZC) which was consistent with our study (Figure 4.1, 

4.2, 4.3). Ma’s study hypothesised that the adsorption was dominated either by chemisorption 

or through hydrogen bonding/ Van der Waals forces rather than the electrostatic interactions. 

This hypothesis contradicted the previous literatures (Wang et al., 2015; Xu et al., 2018) 

which stated that the electrostatic interaction was solely responsible for the decreases in 

phosphate adsorption with the increasing pH. Our findings of phosphate adsorption in the soil 

samples could be explained by Ma’s hypothesis (2019). The PZC values of both soils (low 

organic matter soil, S1 = 5.25, 5.27; high organic matter soil, S2 = 4.51, 4.51) were lower 

than the pH 7. At the pH values below and above pH 7, phosphorus exists in the form of 

H2PO4
- and HPO4

2- respectively (Parham et al., 2002; Dunne et al., 2011). The H2PO4
- and 

HPO4
2- ions act as monodentate and bidentate ligands that have greater affinity for the soil 

surfaces (Tanuja et al., 2021).  

 

 

4.4.2. Effects of pH on phosphate adsorption  
 

All the solid samples (microplastic, soil, soil + microplastic) showed decreases in phosphate 

adsorption (indicated by Kd and CSM values) with the increasing pH (Figure 4.1, Figure 4.2, 

Table B2, Table B3). Our findings of continuous decreases in phosphate adsorption with 

increased pH for the solids were consistent with the reported results in the literatures (Wang 

et al., 2015; Xu et al., 2018). All these literatures indicated the role of electrostatic interaction 

for the decreases in adsorption with the increases in pH, although the authors (Wang et al., 

2015; Xu et al., 2018) did not study the adsorption of phosphate. They did focus on the 

adsorption of metals and organic compounds to the microplastic surfaces. Solid surface is 

likely to develop positive charges at low pH (protonation) and negative charges at high pH 

(deprotonation) due to the behaviour of the protons (Stina  et al., 2006). Development of 

positive charge on the solids (microplastic, soil, soil + microplastic) could attract the 

negatively charged PO4
3- ions leading to the increased adsorption of PO4

3- at low pH. At high 

pH, adsorption of PO4
3- decreased which could be due to the reduced attractions between 

negatively charged solid surface and negatively charged PO4
3- ions. Previous studies 

(Holmes et al., 2012; Zhang et al., 2020; Dong et al., 2020) reported that the adsorptions of 

Cr and As onto the high density polyethylene (HDPE) and polypropylene (PP) microplastics 

were decreased as the pH raised. Although Cr and As are cations, they exist in solution in the 

forms of oxyanions (Cr: HCrO4
−/ CrO4

2−; As: AsO2
−). As phosphate ion is an oxyanion, the 

https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Tewari%2C+Tanuja
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lindman%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16443658
https://www.sciencedirect.com/science/article/pii/S0043135421008320#bib0055
https://www.sciencedirect.com/science/article/pii/S0043135421008320#bib0143
https://www.sciencedirect.com/science/article/pii/S0043135421008320#bib0029
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decreases in PO4
3− adsorption with increasing pH were consistent with the adsorption 

behaviours of other oxyanions reported in the literatures.  

 

Antelo et al. (2005) demonstrated that the higher phosphate adsorption on the goethite 

occurred in low pH at most ionic strengths, whereas lower phosphate adsorption occurred in 

high pH and low ionic strengths. Antelo et al. (2005) hypothesised that the phosphate 

adsorption might be due to the presence of three inner-sphere surface complexes 

(monodentate nonprotonated, bidentate nonprotonated, and bidentate protonated) suggesting 

that the phosphate ions were strongly bonded via ligand exchange (Russell et al., 1974; Parfitt 

et al., 1975). The binuclear bidentate Fe2O2PO2 surface complex might be the dominant 

adsorbed phosphate species at neutral pH values and Fe2O2PO2 might be protonated at low 

pH (Tejedor-Tejedor and Anderson, 1990). Our results were partially supported by Antelo’s 

study (2005) since we found decreased phosphate adsorption with the increasing pH. Antelo’s 

study was a theoretical modelling study and the authors used different spectroscopic 

techniques based on the molecular configuration of surface complex and the speciation of 

phosphorus. While Antelo’s study determined the phosphorus adsorption directly on the 

synthesized iron oxides, our study determined the phosphate adsorption on the microplastic/ 

soil/ soil + microplastic samples. 

 

Studies also showed that the adsorption of Cu on the polymethyl methacrylate (PMMA) 

microplastic increased at pH less than 7 but the adsorption decreased at pH above 7 

(Demirata-Öztürk et al., 1996; Yang et al., 2019) which appeared to contradict our study. 

When the pH was less than 7, the PMMA surface could develop positive charges that could 

electrostatically repel Cu2+ ions preventing their approach to the PMMA. However, oxygen 

in the molecular structure of the PMMA had a strong attraction for the Cu2+ (arising from the 

negative charge of the oxygen) that could outweigh the repulsion between the positively 

charged PMMA and Cu2+ so that the Cu adsorption was seen to increase at low pH (less than 

7) despite potential decrease in the electrostatic attraction between the PMMA and Cu2+ 

(Cruz-Lopes et al., 2021). At the pH above 7, dissolved Cu moieties [CuOH+, Cu2(OH)2
2+] 

could appear by reacting with the oxygen and hydrogen of the PMMA. Also, most Cu could 

be converted to hydroxide precipitates [Cu(OH)2] at the pH above 7. All these phenomena 

might reduce the concentration of Cu2+ leading to the decreased adsorption of Cu to the 

PMMA surface at the pH above 7 (Yang et al., 2019; Tang et al., 2021). Increases in 

adsorption at the low pH values reflect the differences in experimental systems between our 

study and others (Demirata-Öztürk et al., 1996; Yang et al., 2019) including our use of non-

https://www.sciencedirect.com/science/article/pii/S0304389422004320#bib55
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polar HDPE microplastic with the carbon–carbon bonds compared to the polar polymethyl 

methacrylate (PMMA) microplastic having an ester group (–COO–) on the branched chain, 

and the presence of anion as an adsorbate in our experiment compared to the metal cation.  

 

Contradictory results were also found by Sun et al. (2022) who demonstrated that the 

adsorption of norfloxacin (NOR) to the polybutylene succinate (PBS) microplastics increased 

at the initial stage (up to pH 7) and then decreased. Contradictory results between our study 

and Sun’s study (2022) could be due to the dealing with the sorption of an anion compared 

to the sorption of a compound (NOR) that was a cation at pH less than 7 and an anion at pH 

greater than 7. At pH less than 7, negatively charged (due to the presence of oxygen in its 

structure) PBS forms an electric double layer with cations present in water to adsorb the 

NOR+ which leads to the increased adsorption of NOR to the microplastic. When the pH is 

greater than 7, adsorption of NOR− is inhibited by electrostatic repulsion (Sun et al., 2022).  

 

Moreover, another group of authors (Nan et al., 2020) revealed that the changes in pH did 

not significantly affect the adsorption of fungicides on the microplastics. These fungicides 

(strobilurin) were reported to be neutral, organic compounds and thus, pH had little effect on 

their dissociation. Qi et al. (2019) reported that the changes in pH may lead to the dissociation 

of ionic compounds and affect their interaction with the surface charge of microplastic.  

 

Although we found maximum phosphate adsorption at the same pH (pH value 2) for the 

pristine (PMP) and weathered microplastics (WMP), adsorption was significantly (p < 0.05) 

higher for the WMP as indicated by the three-way ANOVA test. This higher adsorption of 

the WMP was supported by our findings in Chapter 3. Oxygen containing functional groups 

(observed in Chapter 3) present on the WMP might affect the protonation which was likely 

to lead to more binding with the phosphate ions as suggested by Tang et al. (2020). However, 

Tang et al. (2020) could not able to explain the detailed mechanisms. 

  

https://www.sciencedirect.com/science/article/pii/S0043135421008320#bib0118
https://www.sciencedirect.com/science/article/pii/S0043135421008320#bib0118
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4.4.3. Effects of concentration of background electrolyte on phosphate 

adsorption 

 

Phosphate adsorption to the solids (microplastic, soil, soil + microplastic) was reduced with 

the reduced concentration of the background electrolyte (Figure 4.1, 4.2, Table B2, B3). 

According to Liu et al. (2019), ionic strength influences the adsorption of anion in two ways: 

(a) by affecting the interfacial potentials and thus, the activity of the adsorbing anions, and 

(b) by affecting the competition between electrolyte ions and adsorbing anions for available 

surface sites. However, Liu et al. (2019) were not able to explain the mechanisms in details. 

As we mentioned earlier in this chapter (introduction: section 4.1) that the ionic strength is 

equal to the concentration of the background electrolyte for the NaNO3, the concentration of 

the background electrolyte influences the anion adsorption according to Liu’s (2019) 

mechanisms.  

 

Studies demonstrated that, depending on the point of zero charge (PZC), increasing the 

concentration of the background electrolyte can either decrease or increase phosphate 

adsorption, suggesting that the phosphate can be adsorbed when the potential in the plane of 

adsorption is either positive or negative (Bolan et al., 1986; Barrow, 1984). Increasing the 

concentration of background electrolyte increases phosphate adsorption above the point of 

zero charge (PZC) and decreases adsorption below the PZC (Bolan et al., 1986; Ryden et al., 

1977; Barrow et al., 1980) which was partly supported by our study. This suggests that the 

effect of the concentration of background electrolyte on phosphate adsorption operates 

through its effect on the electrostatic potential in the plane of adsorption.  

 

In our study, phosphate adsorption on the pristine (PMP) and weathered microplastics (WMP) 

increased with the increases in the concentrations of electrolyte at the pH values above and 

below 6.31 (PZC for the pristine microplastic) and 6.78 (PZC for the weathered microplastic) 

respectively (Figure 4.1, 4.2, Table B2, B3). Both soil types and the mixture of soil and 

microplastic showed the similar trends indicating that the adsorption was increased with the 

increasing concentration of the electrolyte above and below the respective PZC values (Table 

4.1). However, we did not observe decreases in adsorption with the increasing concentration 

of the electrolyte below the PZC (Figure 4.1, 4.2, Table B2, B3). Our findings of increasing 

adsorption with the increasing concentration of the background electrolyte could be explained 

from the viewpoint of Wu et al. (2016). Although Wu et al. (2016) observed the adsorption 

of triclosan (a non-polar organic compound) on the microplastic in the marine sediments, 
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Wu’s findings were in line with our study indicating that the gradual increases in the triclosan 

adsorption increased with the increases of the concentration of the background electrolyte. 

Increase in the concentration of the electrolyte could reduce the solubility which in turn could 

increase the adsorption of the triclosan as suggested by Soubaneh et al. (2014). The higher 

the concentration of the Na+ ions (provided by the NaNO3 as the background electrolyte), the 

higher are the adsorption of phosphate.  

 

According to Sparks (2003), the effect of the background electrolyte concentration on 

adsorption process depends on the type of complexes that the adsorbed ions can form with 

the surface. Our findings of increasing adsorption with the increasing concentration of the 

background electrolyte (Figure 4.1, 4.2, Table B2, B3) could be explained from the viewpoint 

of Sparks (2003). Phosphate ions directly coordinate to the surface of microplastic resulting 

in the formation of inner-sphere complexes. In the inner-sphere complex, phosphate ion does 

not compete or compete less with the ions of background electrolyte compared to the outer-

sphere complex, which in turn increases the adsorption of phosphate with the increasing 

concentration of the background electrolyte (Sparks, 2003). With the increasing concentration 

of the background electrolyte the double layer thickness decreases enhancing the formation 

of complexes between the iron oxides and phosphate as suggested by Rodrigo et al. (2019) 

and Pardo et al. (1992). The soils (S1, S2) used in our study probably contains some iron 

oxides and the iron oxides are strongly adsorptive for phosphate (Ramalho, 1977; Borggard 

et al., 1990). Thus, increased phosphate adsorption in the soils (S1, S2) with the increasing 

concentration of the background electrolyte could be explained by the complex formation.  

 

Contradictory to our findings, studies (Liu et al., 2019; Wang et al., 2015; Sun et al., 2022) 

found that the increased concentration of the background electrolyte was likely to decrease 

the adsorption of ciprofloxacin (CIP) to the microplastic, which might be due to the effects 

of cation exchange and salting in of the CIP. The CIP acts as a zwitterion that acquires a 

negative charge at high pH because of the deprotonation of the carboxylic group, whereas at 

low pH develops positive charge due to the protonation of the amine group (Wang et al., 

2015). The authors were not able to explain the effect of cation exchange. Although we 

observed decreases in the cation exchange due to the additions of microplastic treatments 

(Chapter 5), our findings did not support the previous literatures. Regarding the effect of 

salting in of the CIP, increased concentrations of background electrolyte inhibited the mass 

transfer from the aqueous to solid phase by increasing the viscosity and the density of the 
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solution (Wu et al., 2018; Liu et al., 2019). Thus, the adsorption of the CIP to the microplastic 

surface was decreased with the increasing concentrations of the background electrolyte.  

 

Although Liu et al. (2011) did not find any effect for the pH, they observed that the phosphate 

adsorption was reduced with the increases in the concentration of the background electrolyte. 

This phenomenon could be explained by the preferential adsorption of the anions. Phosphate 

ions have higher binding affinity with the active sites than the chloride ions (Chitrakar et al., 

2006; Tian et al., 2009). Cl- ions would slow down the diffusion that may hinder the access 

of PO4
3- to the active sites of the adsorbent (Keranen et al., 2015; Tian et al., 2006). Thus, 

increasing the concentration of the Cl- ions (NaCl used as a background electrolyte) would 

restrict the access of PO4
3- to the lanthanum-doped activated carbon fiber resulting in the 

decreased adsorption of PO4
3- (Liu et al., 2011). Our study and previous literatures (Liu et 

al., 2019; Liu et al., 2011; Wang et al., 2015; Sun et al., 2022) suggested that the adsorption 

of phosphate was likely to be highly dependent on the properties of the adsorbent and nature 

of the adsorbate. 

 

 

4.4.4. Effects of interaction between pH and concentration of background 

electrolyte on phosphate adsorption 

 

Previous studies found the effects of pH and concentration of the background electrolyte 

significant (p < 0.05) on the adsorption of cations (Holmes et al., 2012; Binda et al., 2021; 

Medynska-Juraszek and Jadhav, 2022) and organic compounds (Liu et al., 2019; Deng et al., 

2012; You et al., 2010). However, the interaction effect between the two factors was not 

significant (p > 0.05). In our study, we observed non-significant (p > 0.05) interaction effect 

between the pH and concentration of the background electrolyte for the partition coefficient 

(Kd), maximum adsorption capacity (CSM) and Freundlich constant (log Kf). However, there 

was a significant (p < 0.05) interaction between the solid type, pH and concentration of the 

background electrolyte for the partition coefficient (Kd), maximum adsorption capacity (CSM) 

and Freundlich constant (log Kf) as suggested by the three-way ANOVA.  

 

Previous studies (Barrow et al., 1980; Bowden et al., 1980) looked at the adsorption variation 

with the pH or concentration of the background electrolyte with only one initial phosphorus 

concentration. Typically an ample range of phosphorus concentration is required to determine 

the P adsorption isotherms. Phosphate adsorption to different solid types was best described 

https://www.sciencedirect.com/science/article/pii/S2667010021000214#bib0022
https://www.sciencedirect.com/science/article/pii/S2667010021000214#bib0022
https://www.sciencedirect.com/science/article/pii/S2667010021000214#bib0140
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by different types of linear and non-linear (Langmuir and Freundlich) isotherms (Table B2, 

Table B3, Table B4). All the solids except the S1, S1 + PMP and S2 + PMP were best fitted 

to the linear and Freundlich isotherms (Table B2, Table B4). All the solids except the PMP 

and WMP were best fitted to the Langmuir isotherms (Table B3). Both Langmuir and 

Freundlich isotherms indicated chemisorption which could imply that the reactions between 

the adsorbate (phosphate) and adsorbent (microplastic/ soil/ mixture of both) forms covalent 

bonds, and both the anions and cations compete for the adsorption sites (Sparks, 2003; 

Debicka et al., 2016; Han et al., 2018). Although the microplastic (non-polar, hydrophobic) 

and soil (polar, hydrophilic) had different physico-chemical properties, microplastic, soil and 

the soil + microplastic samples showed similar trends in the phosphate adsorption (indicated 

by Kd and CSM) with the changes in pH, concentration of the background electrolyte and the 

interaction between the two factors.  

 

Although all the solids (microplastic, soil, soil + microplastic) showed decreases in phosphate 

adsorption with the increasing pH and with the reduced concentration of background 

electrolyte (Figure 4.1, Figure 4.2, Table B2, Table B3) in the present study, there were few 

exceptions. For example, for the low organic matter soil and pristine microplastic (S1 + 

PMP), Kd decreased when the pH was increased from 2 to 7 followed by a sharp increase at 

pH 9 and then decreased at pH 12 for the 0 and 0.01 M concentrations (Figure 4.1e, Table 

B2). Mixture of low organic matter soil and weathered microplastic (S1 + WMP) followed 

the same trend as the S1 + PMP (Figure 4.1f, Table B2). It is worth noting that the Kd for the 

S1 + PMP and S1 + WMP at the pH 9 and at the background electrolyte concentration of 0.01 

M indicated contamination in the solution. There would be a gradual downward slope without 

the data of pH 9 and 0.01 M concentration. We had tight error bars on the mean values (Figure 

4.1e, 4.1f, Table B2) but if our background electrolyte was contaminated or we made the 

same mistake for those experiments then that could be expected. As our findings of 

continuous decreases in phosphate adsorption with increased pH were consistent with the 

reported results in the litretures (Wang et al., 2015; Xu et al., 2018), the bump at the pH 9 

was more likely to be an error.  

 

In broad terms, the mixture of soil and microplastic had the same trends as with the single 

solids suggesting a general decrease in the phosphate adsorption with the increasing pH and 

an increase in adsorption with the increasing concentration of the background electrolyte 

(Figure 4.1, 4.2, Table B2, B3). Although the general trends were similar for the mixture of 
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soil + microplastic and single solids (microplastic, soil), the soils had higher values for the 

Kd and CSM (Figure 4.1, 4.2, Table B2, B3).  

 

Data above suggested that the individual effects of pH and concentration of the background 

electrolyte were significant (p < 0.05) on the adsorption of phosphate to the microplastic 

surface but the interaction effects between the two factors were not significant (p > 0.05). We 

observed decreased phosphate adsorption with the increasing pH which was attributed to the 

electrostatic attractions. Depending on the PZC, microplastic could develop positive and 

negative charges leading to the adsorption of phosphate.  
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4.5. Conclusion  
 

Although the fate and behaviour of the phosphate in the soil seems unlikely to be much 

impacted by the microplastics (Chapter 3), pH and concentration of the background 

electrolyte are likely to impact on the adsorption of phosphate to the microplastics in the soil. 

Our data showed that the adsorption of phosphate decreased with the increasing pH and with 

the reduced concentration of the background electrolyte. The results did not find any 

significant interaction between the pH and concentration of the background electrolyte 

although the interaction effects between the solid type, pH and concentration of the 

background electrolyte were significant. Thus, our study highlights the need for a wider range 

of plastic feedstocks with potentially different surface chemistries and sorption 

characteristics, to be investigated.  On the basis of our findings it was not possible to know 

whether there was any desorption of the phosphate. Studies would be required to cast further 

light on the desorption of PO4
3- at different ranges of pH and different concentrations of the 

background electrolyte which will help to determine whether the microplastic could release 

previously adsorbed PO4
3- and to compare the release rates in different environmental 

conditions leading to different physico-chemical reactions of microplastics in the soil 

(Chapter 6). Since the phosphate adsorption to the microplastic was likely to be impacted by 

the changes in the pH and concentration of the background electrolyte, we will focus on how 

the microplastic will alter different soil properties and ultimately the growth of plants in the 

next chapter (Chapter 5).  
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Chapter 5 
 

 

Impacts of microplastic on soil properties and plant growth 
 

 

5.1. Introduction 
 

To date only scant attention has been paid to investigating sources, fate and transport of 

microplastics in terrestrial ecosystems, although microplastics have recently been detected in 

agricultural fields (Habib et al., 1998; Zubris and Richards, 2005; Zhang et al., 2019; Zhang 

and Liu, 2018), cities, industrialized areas (Huerta Lwanga et al., 2017; Fuller and Gautam, 

2016), and remote areas (Scheurer and Bigalke, 2018). In European agricultural land, 

microplastic loadings have been estimated at between 63,000 and 430,000 tonnes per year 

(Nizzetto et al., 2016a); with studies reporting anywhere between 700 and 4000 plastic 

particles per kg of soil (Barnes et al., 2009); and, in roadside soils near industrial areas, up to 

7% microplastic fragments have been reported (Fuller and Gautam, 2016). Once deposited at 

the soil surface via a variety of input routes (Bläsing and Amelung, 2018), microplastics can 

be persistent; for example, one study showed that synthetic microfibres could be identified 

15 years after sewage sludge application (Zubris and Richards, 2005). It has been 

hypothesized that high-density polyethylene (HDPE) is not biodegradable and can persist in 

the natural soil for decades resulting from the high molecular weight of the plastic and its 

content of antioxidants and stabilisers (Lambert et al., 2017). Due to their persistence 

characteristics, microplastic is thought to accumulate in soils with sources of microplastic 

typically derived from diverse sources, such as landfills (Nizzetto et al., 2016b), plastic mulch 

used in agricultural activities (Kasirajan and Ngouajio, 2012; Li et al., 2018), virgin plastic 

flakes, pre-production plastic pellets (Foitzik et al., 2018), sewage sludge and laundry dust 

(Carr et al., 2016; Mahon et al., 2017; Mathalon and Hill, 2014).  

 

Generally adsorption occurs on the surface of microplastics because of the large surface area 

and hydrophobicity of microplastic, although the adsorption depends on several factors, such 

as, microplastic characteristics, adsorbate characteristics and surrounding environment 

(Zhang et al., 2019; Zhang and Liu, 2018). Adsorption by microplastics was evident in 

Chapter 3 where P was adsorbed by HDPE microplastics; the current chapter explores the 

hypothesis that HDPE limits plant growth by reducing the amount of available phosphate. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrophobicity
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Microplastic can alter the properties of soil by changing its texture and structure, with 

consequences for functional changes in soil, that may directly/ indirectly influence growth 

and development of plants. Comparable studies on the impacts of microplastics on plants are 

remarkably scarce and still very sketchy. For example, Qi et al. (2018) observed poor growth 

of wheat while Zhang et al. (2015) observed improved crop quality for corn plants. Machado 

et al. (2019) mentioned that polyester (PES) and polyamide (PA) triggered significant 

increases in plant traits and metabolic functions, while weaker effects were observed in plants 

exposed to high-density polyethylene (PEHD), polyethylene terephthalate (PET) and 

polypropylene (PP).  

 

Plants that have not been exposed to the application of plastic mulches may still come into 

contact with microplastics during irrigation, with some microplastics bypassing the treatment 

process at wastewater treatment works. With this current study, we aimed to take the first 

steps towards filling the gaps left by past studies and focused on the previously neglected area 

of research concerning microplastics in the soil-plant system. Based on the above-mentioned 

hypothesis, the present study was conducted with different levels of microplastic for a period 

of 30 days (incubation phase) followed by growth of plant in that soil (greenhouse phase).  

Therefore, the overarching aim of this study is to determine the impacts of microplastics on 

plant growth. To address this overarching aim, a set of objectives was outlined below.  

 

Objectives of this study are:  

 

• To determine the potential for high-density polyethylene (HDPE) microplastic to 

impact soil properties and plant growth;  

• To determine soil chemical and biological properties after incubation with 

microplastic and again after subsequent plant growth; 

• To observe plant growth parameters in presence of microplastic in the soil.
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5.2. Materials and methodology 

 

 

5.2.1. Materials 
 

Two types of soils were collected from York, UK with contrasting organic matter contents. 

Soil with low organic matter content was collected from an arable field at grid reference 53° 

52′ 25.2″ N and 1° 19′ 47.0″ W, located in Big Substation East field at the University of Leeds 

experimental farm; soil with high organic matter content was collected from a flower bed 

which is located at grid reference 53° 56′ 41.0″ N and 1° 3′ 04.9″ W on the University of 

York campus. The soils were air-dried, visible roots and plant debris were discarded and the 

soils were ground gently to break up larger soil aggregates. After that the soils were sieved at 

2 mm, thoroughly homogenized and finally characterized. Soil texture was determined 

manually (USDA, 1951). A ball of soil was placed between thumb and forefinger, gently 

pushing the soil with the thumb and working it upward to make a ribbon. The ribbon was 

allowed to emerge and extend over the forefinger, breaking from its own weight, and finally 

the texture of the soil was determined from the length and strength of the ribbon. pH of the 

soil was determined by mixing air-dried soil and deionised water at a ratio of 1:2.5 followed 

by shaking for 15 minutes. The suspension was allowed to settle and pH was measured using 

an Accumet AB150 pH meter calibrated with pH 4.0, 7.0 and 10.0 buffers (Rowell, 1994). 

Soil organic matter was determined by heating 20 g of air-dried soil overnight at 105 °C, 

reweighed and then combusted at 350 °C overnight. Mass loss on ignition (LOI) was 

determined and used as a proxy for organic matter content (Hoogsteen et al., 2018; Rowell, 

1994). Low organic matter soil had a silty loam texture with a pH of 7.63 ± 0.13 and organic 

matter content of 3.58 ± 0.15 %; high organic matter soil had a loamy texture having a pH of 

7.11 ± 0.09 and organic matter content of 4.62 ± 0.13 % (Table C1; n = 5, ± standard 

deviation).  

 

Commercial grade high-density polyethylene (HDPE) microplastics powder (Model No. 

SMHD-3006H) was purchased from Qingdao Sunsoar Tech. Co., Ltd. located in Shandong, 

China. The plastic was confirmed to be HDPE by comparing its spectra with other reported 

analyses of untreated HDPE (Hodson et al., 2017; Anu and Pillai, 2022) using Fourier 

Transform Infrared Spectroscopy (FTIR) equipped with an ATR platinum diamond 

attenuated total reflectance accessory and a potassium bromide beam splitter. The spectra 

were scanned in the range of 400 to 4000 cm-1. Each spectrum comprised 144 scans with a 4 

cm-1 resolution and were background corrected.  

https://www.tandfonline.com/author/Hoogsteen%2C+MJJ
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5.2.2. Incubation experiment  

 

An incubation experiment (Figure 5.1) was conducted following a randomized block design 

(Figure 5.2) to investigate the impacts of HDPE on soil physico-chemical properties.  

 

 

 

Figure 5.1. Incubation experiment conducted in a controlled temperature room for a period 

of 30 days. Temperature 25 °C and relative air humidity 80 %. Two types of soils (low and 

high organic matter soil) and four treatments (control, 0.05 %, 0.50 % and 5.00 % HDPE) 

were used in the experiment. Each treatment had four replicates.  

 

The incubation experiment was based on four groups of microplastic treatments viz., control, 

0.05 %, 0.50 % and 5.00 % (w/ w) which were selected on the basis of values of microplastics 

found in arable soil (Nizzetto et al., 2016a; Machado et al., 2018; Qi et al., 2018). All 

treatments were replicated four times giving a total of 32 (16 for each soil) aluminum 

containers (4.1 cm deep, 14.1 cm long, 11.6 cm wide). Each container contained 400 ± 0.05 

g air-dried soil. HDPE was added to the soil according to the treatments: control, 0.05 % (0.2 

g HDPE), 0.50 % (2 g HDPE) and 5.00 % (20 g HDPE). Thus, four treatments are produced 

for each soil: i) low organic matter soil not treated with microplastics (L0) (n = 4), ii) low 

organic matter soil treated with 0.05 % microplastics (L0.05) (n = 4), iii) low organic matter 

soil treated with 0.50 % microplastics (L0.5) (n = 4), iv) low organic matter soil treated with 

5.00 % microplastics (L5.0) (n = 4), v) high organic matter soil not treated with microplastics 

(H0) (n = 4), vi) high organic matter soil treated with 0.05 % microplastics (H0.05) (n = 4), 
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vii) high organic matter soil treated with 0.50 % microplastics (H0.5) (n = 4) and viii) high 

organic matter soil treated with 5.00 % microplastics (H5.0) (n = 4).  

 

 

 

Figure 5.2. Experimental design for both incubation and greenhouse experiments. Two types 

of soils and four treatments (each treatment had four replicates) were used following a 

randomized block design. Low organic matter control soil = L0, low organic matter soil with 

0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE = L0.5, low organic matter 

soil with 5.00 % HDPE = L5.0, high organic matter control soil = H0, high organic matter 

soil with 0.05 % HDPE = H0.05, high organic matter soil with 0.50 % HDPE = H0.5, high 

organic matter soil with 5.00 % HDPE = H5.0.  

 

After adding microplastics to the soil, the soils were thoroughly mixed and homogenized with 

a glass rod to distribute the microplastics as evenly as possible. 100 ml of deionised water 

was added to each container and thoroughly mixed into the soil to establish a soil water 

content of 25 % w/w. The containers were wrapped within plastic film to prevent evaporation. 

Finally, all containers were kept at 25 °C in a controlled temperature room and a relative air 

humidity of 80 % at the Department of Environment and Geography, University of York, UK 

for an incubation period of 30 days. The moisture content of the soil was determined by mass 

loss and deionised water was added (0.5 – 1.0 g) on a weekly basis to maintain a constant 

water content. After 30 days c. 100 g soil was removed to test biological (respiration rate and 

enzyme activity) and chemical (soil pH, exchangeable cations, cation exchange capacity 

(CEC), cold and hot water extractable carbon, Olsen phosphorus, ammonium, nitrate, soil 

water holding capacity, water stable aggregates and phosphorus in soil pore water) parameters 
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of the incubated soil. Remaining c. 300 g soil was transferred to the plant pots for greenhouse 

experiment. 

 

 

5.2.3. Greenhouse experiment  

 

A greenhouse experiment (Figure 5.3) was conducted in order to observe the interaction of 

soil, plant and HDPE. For the greenhouse experiment, clean, opaque plastic plant pots with a 

1.3 litre capacity (height = 13.0 cm, top diameter = 12.5 cm, bottom diameter = 10.1 cm) 

were used. According to the treatments, each plant pot was filled with soil/ mixture of soil 

and HDPE directly from the incubation experiment.  

 

       
 

Figure 5.3. Greenhouse experiment with ryegrass (Lolium perenne) conducted for a total 

period of seven weeks. Minimum day/night temperature of 20 °C day/ 15 °C, with 

vents opening at 18 °C. Relative humidity was ambient, ranging from 30 – 85 %. Two types 

of soils (low and high organic matter soil) and four treatments (control, 0.05 %, 0.50 % and 

5.00 % HDPE) were used in the experiment. Each treatment had four replicates. Pots were 

rearranged every week to minimize the effects of variation.  
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Ryegrass (Lolium perenne) was chosen as the plant to grow in the experiment on the basis 

that it is one of the most common, native grass species in Europe, providing high yields and 

quality forage throughout a wide range of environmental conditions (Jung et al., 1996). Seeds 

of diploid ryegrass were purchased from Wilko Seed Company and mesocosms in which 

ryegrass was grown received 200 seeds (approximately 0.37 g) giving a density of 27.5 kg 

ha−1. Seeding rates were chosen based on studies on optimal seeding rates for ryegrass (Lee 

et al., 2016). The seeds were distributed evenly on the soil surface of each pot. This 

experiment ran for seven weeks within a greenhouse with minimum day and night 

temperatures of 20 °C and 15 °C respectively. Relative humidity in the greenhouse was 

ambient, ranging from 30 to 85 %. The plant pots were randomly placed in a greenhouse and 

after that the position of the pots were changed randomly every week in order to provide the 

plants with equivalent lighting. Throughout the experiment, plants were watered twice a week 

with 120 ml tap water to keep the soil moist. The seeds began to germinate after one week of 

sowing, which was indicated by the emergence of a radicle. At the end of the experimental 

period, plant parameters (plant height, leaf chlorophyll content, shoot biomass, root biomass, 

root: shoot ratio) were determined. Roots were removed from the soil as much as possible 

and then homogenized the soil prior to subsampling. After that, soil samples were divided 

into two subsamples for further chemical analyses. One group (c. 100 g soil) was used to test 

soil biological (respiration rate and enzyme activity) and another group (c. 200 g soil) 

chemical parameters (soil pH, exchangeable cations, cation exchange capacity (CEC), cold 

and hot water extractable carbon, Olsen phosphorus, ammonium, nitrate, soil water holding 

capacity, water stable aggregates and phosphorus in soil pore water).  

 

5.2.4. Measurements of plant growth parameters 

 

At the end of the greenhouse experiment different plant growth parameters viz., plant height, 

total chlorophyll content, root and shoot biomass, root: shoot ratio as well as phosphorus 

content in plants, were determined to investigate whether plant growth is affected by HDPE. 

Plant height was measured from the base to the tip of the highest fully expanded leaf using a 

ruler. For determining chlorophyll concentration, three fully expanded leaves were randomly 

selected and three measurements per leaf were done (Richardson et al., 2002; Pinkard et al., 

2006), using an atLEAF CHL PLUS chlorophyll meter (Minolta, USA).  The chlorophyll 

meter measured atLEAF CHL value which was then converted to total chlorophyll using the 

equation y = 0.0247x - 0.0615, where y = total chlorophyll (mg/ cm2) and x = atLEAF CHL 

PLUS index value obtained from the chlorophyll meter. Finally, all the values were averaged 
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for the determination of chlorophyll concentration. Shoots of ryegrass were cut half a 

centimetre above the base of the soil and then weighed to determine the shoot biomass on a 

fresh weight basis. After that, the shoots were oven-dried at 60 °C to constant mass for 

determining the dry weight of shoot. In our case, the shoots reached a constant mass after 48 

hours. Fresh roots were carefully collected from each plant and then washed thoroughly with 

deionised water on a 2 mm sieve to remove any excess soil. They were dried on a blue paper 

and root biomass (fresh weight) was determined. Roots were then oven dried at 60 °C to 

constant mass (roots did not lose any more mass after 48 hours) to determine dry weight of 

the root (Boots et al., 2019).  Phosphorus in plants was determined using the manual hydraulic 

press followed by analysing with P-XRF (Portable X-Ray Fluorescence Spectrometry). The 

instrument was calibrated using a Si-spiked synthetic methyl cellulose (Sigma-Aldrich, 

product no. 274429) and validated using Certified Reference Materials of NCS DC73349 

‘bush branches and leaves’ obtained from China National Analysis Centre for Iron and Steel 

(Reidinger et al., 2012). Oven dried shoot materials were finely ground with a ball mill. Fine 

powder was pressed at 10 tons into a 13 mm diameter pellets with a manual hydraulic press 

using a 13 mm die (Specac, Orpington, United Kingdom) to produce homogenous sample 

pellets (McLarnon et al., 2017). After that, P in shoots was measured using a P-XRF (Nitron 

XL3t900 GOLDD analyser: Thermo Scientific Winchester, UK) held in a test stand 

(SmartStand, Thermo Scientific, Winchester, UK). Two readings (measuring both sides of 

the pellet; each side took approximately 20 seconds for measurement) were taken for each 

pellet and the average P (%) was calculated (Reidinger et al., 2012).  

 

5.2.5. Determination of soil parameters 

 

Both the incubated and greenhouse soils were analysed in the laboratory to investigate 

whether soil parameters were affected by HDPE. Respiration rate was determined as it is 

considered a good proxy of the microbial activity in soil (Anderson and Domsch, 1978). For 

soil microbial respiration air-dried soil from each treatment was moistened with 10 g water 

per 100 g of air-dry soil and stored for one week in a polyethylene bag which was shaken 

every day to aerate the soil. The soil was transferred to a glass jar and a glass vial containing 

10 ml of 0.3 M sodium hydroxide (NaOH) was placed in the jar, which was then made air-

tight by using vaseline and parafilm. After one week of incubation in the dark at 15 C, the 

concentration of carbon dioxide dissolved in the NaOH was determined by a titration using 1 

M barium chloride (BaCl2.2H2O) and phenolphthalein indicator. Blank corrections were 

performed in the same way with 50 g of sand instead of soil. Water content of the moist soil 
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was determined at the time the glass jars were made ready for the experiment. Finally 

respiration rate was expressed on a per mass of air-dried soil basis (Rowell, 1994). 

 

Phosphatase enzyme activity in soil was determined by colorimetric estimation of the p-

nitrophenol released by phosphatase activity. 1 ± 0.05 g (< 2 mm) fresh soil was placed into 

a 50 ml Erlenmeyer flask, 4 ml of Modified Universal Buffer (MUB) (pH 6.5), 0.25 ml of 

toluene and 1 ml of p-nitrophenol (PNP) solution were added, then the flask was swirled for 

a few seconds to mix the contents. After wrapping the mouth of the flasks with parafilm, they 

were placed in an incubator at 37° C for an hour. 1 ml of 0.5 M calcium chloride (CaCl2) and 

4 ml of 0.5 M sodium hydroxide (NaOH) were added to the soil suspension, swirled for a few 

seconds, and filtered through Whatman filter paper (#2). The filtrate was then transferred to 

a 4 ml plastic cuvette and colour intensity was measured at 410 nm using a Jenway 6300 

UV/vis spectrophotometer. The p-nitrophenol content of the filtrate was calculated by 

reference to a calibration graph obtained with standards containing 0, 10, 20, 30, 40 and 50 

µg of p-nitrophenol. Control experiments were performed by adding 1 ml of PNP solution 

after the additions of 0.5 M CaCl2 and 0.5 M NaOH immediately before filtration of the soil 

suspension (Tabatabai and Bremner, 1969; Kramer and Yerdei, 1958).  

 

Soil pH was determined by a pH meter (Benchtop, Thermo Orion). Air-dried soil was placed 

in a 50 ml centrifuge tube, ultra-pure was added at a ratio of 1:2.5, then placed on a shaker 

for 15 minutes. pH of the samples was determined after necessary calibrations with pH 4.00, 

7.00 and 10.00 buffer solutions (Lankinen, 2000). 

 

Exchangeable cations (Na, K, Mg, Ca and Al) were determined by placing 2.00 ± 0.05 g air-

dried soil in a 50 ml centrifuge tube with 0.2 M barium chloride. It was then placed on a 

horizontal shaker for 2 hours at 220 rpm, followed by centrifugation (Hettich Rotanta 460) 

for 5 minutes. The supernatant was filtered and analysed for exchangeable cations (Na+, K+, 

Mg2+, Ca2+ and Al3+) using ICP-OES (Thermo Scientific ICAP 7000 Series, UK). Residual 

soil was rinsed off the Whatman filter paper (#42) into a new 50 ml centrifuge tube using 

0.01 M barium chloride, shaken for one hour and this procedure was repeated three times 

(Hendershot and Duquette, 1986). The supernatant was discarded each time and after the third 

decantation of 0.01 M barium chloride, 0.025 M MgSO4 was added. After that, it was shaken 

overnight on a horizontal shaker, filtered through Whatman filter paper (#42) and the 

supernatant was analysed using ICP-OES for Mg content in soil. Finally, cation exchange 

capacity (CEC) in soil was calculated (Hendersot and Daquette, 1986).  
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Cold and hot water extractable carbon was determined after extracting the soil with cold and 

hot water followed by analysing with TOC Analyser (Elementar Vario TOC Select, UK) for 

measuring the dissolved organic carbon (DOC) of the extractant, according to the method 

outlined by Haynes and Francis (1993) modified by Ghani et al. (2003). 3 ± 0.05 g air-dried 

soil was put into a 50 ml polypropylene centrifuge tube, 30 ml of ultra-pure water was added, 

then placed on a horizontal shaker for 30 min at 20 °C. After extraction, the suspension was 

centrifuged at 3500 rpm for 20 minutes. The supernatant was filtered through a 0.45 micron 

cellulose nitrate filter which was analysed with TOC Analyser for determining DOC which 

was referred to as cold water extractable carbon (CWEC). CWEC is classified as labile and 

water soluble carbon (Ghani et al., 2003). The soil was then resuspended using ultra-pure 

water, shaken vigorously for 10 seconds, and placed in an 80 °C water bath for 16 hours. The 

suspension was centrifuged, filtered and the solution was analysed with TOC Analyser as 

described before for DOC which indicated the hot water extractable carbon (HWEC). HWEC 

tends to correlate strongly with microbial biomass carbon and concentration of soil micro-

aggregates (Ghani et al., 2003).  

 

Olsen phosphorus in the soil was determined by adding 5 ± 0.05 g air-dried soil to 100 ml of 

0.5 M sodium hydrogen carbonate at pH 8.5, shaken for 30 minutes at 30 rpm, and the 

supernatant was filtered through Whatman filter paper (#2) (Almodares et al., 2008; Rowell, 

1994; Barrow and Shaw, 1974). Concentration of extractable phosphorus was determined 

using Autoanalyser (SEAL AutoAnalyzer 3 High Resolution, Germany).  

 

Contents of ammonium and nitrate were determined using Autoanalyser (SEAL 

AutoAnalyzer 3 High Resolution, Germany) after mixing the fresh soil and 1 M potassium 

chloride at a ratio of 1:5. Samples were shaken on a horizontal shaker for one hour and filtered 

through GF/ A 15 cm filter paper (Gałka et al., 2016; Rowell, 1994).  

 

For determining P content in the soil pore water, pore water was extracted by centrifuging 

the soil (Richards and Weaver, 1944) followed by analysing with Autoanalyser (SEAL 

AutoAnalyzer 3 High Resolution, Germany). Around 40 g air-dried soil was moistened with 

10 g of deionised water to maintain the soil water content of 25 % (w/ w) and left for one 

week at room temperature in an aluminium container. The soil was then transferred to a 20 

ml disposable syringe. Glass wool (acted as a filter) was placed in a 2 mm deep layer that 

covered the bottom of the syringe. The syringe was placed in a 50 ml polypropylene 

centrifuge tube using a lid with a 25 mm hole in such a way that the syringe was fitted tightly 
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into the tube. After that, the samples were centrifuged for 10 minutes at 3500 rpm. 

Supernatant was pressure filtered through the glass wool which was further analysed with 

Autoanalyser (SEAL AutoAnalyzer 3 High Resolution, Germany) for determining P content 

in soil pore water.  

 

Water holding capacity (WHC) of the soils were measured following the method of ISO 

11274 (2019). In brief, approximately 50 g of air-dried soil was placed into open tubes of 3.5 

cm diameter and 5 cm length with nylon mesh bases. The filled tubes were placed in a 

container of water and allowed to wet up by capillary action. When the soil surface had a 

glossy appearance, the cores were removed from the water and allowed to drain until they 

stopped dripping. The soil in the cores was then gently removed and weighed. The water 

holding capacity of the cores was determined as the weight of water held in the soil cores 

compared with the 105 °C oven dry weight of the sample (Milleret et al., 2009).  

 

Water stable aggregate (%WSA) was measured manually using wet sieving method (Boots 

et al., 2019) following the protocol by Kemper and Chepil (1965); 4.0 g air-dried soils were 

sieved through a 2 mm sieve and the soils were placed into sieves for capillary rewetting in 

deionised water for 5 min. We used 250 μm sieves to test the stability of the soil fraction > 

250 μm (macroaggregates) against water as a disintegrating force. For the test, the soils were 

sieved manually by moving the sieve up and down for a period of three minutes. The %WSA 

was calculated, after correction for the mass of soil > 250 μm, as the weight of aggregates 

remaining on the sieve relative to the total initial weight of aggregates (Milleret et al., 2009).  

 

5.2.6. Quality control and statistical analysis  

 

Detection limits for all analytical instruments used were calculated as the mean plus six times 

the standard deviation of ten repeated measurements of the blank standard (Gill and Ramsey, 

1997). For statistical analysis of solution data value below detection limit was given a value 

equal to the detection limit (Gill, 1997). Accuracy of calibration was determined by analysis 

of a certified reference material (CRM) or an in-house reference material. Analytical 

precision was calculated from the coefficient of variation (CV) determined from duplicate 

analysis of 10 % of the samples that were at least 100 times higher than the detection limit 

and determining the median of the difference between the duplicate measurements expressed 

as a percentage of their mean value (Gill and Ramsey, 1997; Walsh, 1997). Quality control 

data for chemical analysis associated with each set of experiments are provided in Table C2.  

https://www.frontiersin.org/articles/10.3389/fenvs.2021.650155/full#B38
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All data were analyzed using MINITAB (version 19) or SigmaPlot (version 14) software. 

Data were tested for normal distribution using the Shapiro-Wilk and Kolmogorov-Smirnov 

test; and equal variance using Levene’s mean test. A two-way analysis of variance (ANOVA; 

soil type and treatment) was used to detect the differences in respiration rate, phosphatase 

enzyme activity, pH, exchangeable cations (Na, K, Mg, Ca and Al), effective and total cation 

exchange capacity, cold and hot water extractable carbon, Olsen phosphorus, ammonium, 

nitrate, soil water holding capacity, water stable aggregates, phosphorus in pore water, plant 

height, total chlorophyll content, shoot biomass (fresh and dry weight), root biomass (fresh 

and dry weight), root: shoot ratio (fresh and dry) and phosphorus in plant, across two soil 

types and four treatments. Data were normally distributed for all analyses except Mg content 

and effective cation exchange capacity (ECEC). Thus, within the Mg and ECEC datasets, 

data were square root transformed. Further analysis was made with post hoc test to know 

which treatment groups are different from each other at 5 % level of significance using 

Tukey’s method. Pearson correlations were performed to determine how respiration rate, pH, 

and water extractable carbon across all soil types and treatments related to each other.  
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5.3. Results  

 

5.3.1. Soil parameters  

 

5.3.1.1. Respiration rate 

 

Rate of respiration was determined for both incubated and greenhouse soils at the end of their 

experimental periods. For incubated soil, soil type and treatment had a significant (p < 0.05) 

influence on respiration rate; however, their interaction effect was not significant (p > 0.05). 

Respiration rate was significantly (p < 0.05) greater for high organic matter soil than for low 

organic matter soil. For both soils the 5.00 % treatment has a significantly (p < 0.05; n = 4) 

greater respiration rate that the other treatments (Figure 5.4a). No significant (p > 0.05) 

variation was found between control, 0.05 % and 0.50 % treatments for both soil types.  

 

  

(a) (b)  

 

Figure 5.4. Respiration rate for (a) incubated and (b) greenhouse soil following HDPE 

treatments. Bars indicate standard deviations of means with four replicates (n = 4). Low 

organic matter control soil = L0, low organic matter soil with 0.05 % HDPE treatment = 

L0.05, low organic matter soil with 0.50 % HDPE treatment = L0.5, low organic matter soil 

with 5.00 % HDPE = L5.0, high organic matter control soil = H0, high organic matter soil 

with 0.05 % HDPE = H0.05, high organic matter soil with 0.50 % HDPE = H0.5, high organic 

matter soil with 5.00 % HDPE = H5.0. The letters indicate significant (p < 0.05) differences 

between treatment means as determined by post hoc tests.  

 

Significant (p < 0.05) differences were found between soil type, treatment and their 

interaction for greenhouse experiment soils. High organic matter soil had significantly (p < 

0.05) greater respiration rate than the low organic matter soil (Figure 5.4b). L5.0 had 

significantly (p < 0.05) higher respiration rate than L0, L0.05 and L0.5 treatments. No 
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significant (p > 0.05) difference was observed between L0, L0.05 and L0.5 treatments. 

Respiration rate in H0.5 was significantly (p < 0.05) lower than the H0 and H0.05. H5.0 had 

the highest respiration rates (p < 0.05; Figure 5.4b).  

 

5.3.1.2. Phosphatase enzyme activity  

 

Figure 5.5a and Figure 5.5b show the changes in phosphatase enzyme activity due to 

microplastics addition for both incubated and greenhouse experiments. Two-way ANOVA of 

the incubation study indicates that there were significant (p < 0.05) differences between soil 

types, HDPE treatments and their interaction. High organic matter soils had significantly (p 

< 0.05) greater respiration rate than the low organic matter ones. The addition of microplastics 

significantly increased the enzyme activity in the 5.00 % treatments compared to the controls 

which was applicable for both soil types (Figure 5.5a). L0, L0.05 and L0.5 were not 

significantly different from each other (p > 0.05). Also, no significant (p > 0.05) difference 

was found between H0, H0.05 and H0.5 (Figure 5.5a).  

 

  

(a) (b)  

 

Figure 5.5. Phosphatase enzyme activity for (a) incubated and (b) greenhouse soil following 

HDPE treatments. Bars indicate standard deviations of means with four replicates (n = 4). 

Control, 0.05 %, 0.50 % and 5.00 % indicated HDPE application rates: low organic matter 

control soil = L0, low organic matter soil with 0.05 % HDPE = L0.05, low organic matter 

soil with 0.50 % HDPE = L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high 

organic matter control soil = H0, high organic matter soil with 0.05 % HDPE = H0.05, high 

organic matter soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE 

= H5.0. The letters indicate significant (p < 0.05) differences between treatment means as 

determined by post hoc tests.  
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Greenhouse soils (Figure 5.5b) responded in a similar way to the treatments as the incubated 

soils for the phosphatase enzyme activity. Enzyme activity was significantly (p < 0.05) 

greater in L5.0 compared to other three (L0, L0.05 and L0.5) treatments. Pairwise comparison 

indicated that these three treatments (L0, L0.05 and L0.5) were not significantly different 

from each other. Same trend was observed for the high organic matter soils; H5.0 had the 

highest enzyme activity; H0, H0.05 and H0.5 were not significantly different from each other 

(Figure 5.5b).  

 

5.3.1.3. Soil pH 

 

Soil type, treatment and their interaction showed significant (p < 0.05) influence on soil pH 

for the incubation study. High organic matter soils had higher pH than the low organic matter 

soils. The maximum value of soil pH was recorded in the L5.0 treatments. Soil pH was 

significantly (p < 0.05) lower in the L0 compared to the L0.5 and L5.0. L0.5 and L5.0 were 

significantly (p < 0.05) different from each other whereas no significant (p > 0.05) difference 

was found between L0 and L0.05 (Figure 5.6a). Soil pH was lower in H0 which was 

significantly (p < 0.05) increased in H0.5 and H5.0. Both H0.5 and H5.0 were significantly 

(p > 0.05) different from each other. No significant (p > 0.05) variation was found between 

H0 and H0.05 (Figure 5.6a).  

 

Like the incubated soils, high organic matter greenhouse soils had higher soil pH than the 

low organic matter ones. For both low and high organic matter soils, the pH was significantly 

(p < 0.05) higher in the 0.5 % and 5.0 % microplastic treatments than in the 0.05 % treatments 

and controls (Figure 5.6b). All these treatments (control, 0.5 % and 5.0 %) were significantly 

(p < 0.05) different from each other, although no difference was found between control and 

0.05 % treatments.   
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(a) (b)  

 

Figure 5.6. Soil pH for (a) incubated and (b) greenhouse soil following HDPE treatments. 

The bars indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 

0.50 % and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, 

low organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % 

HDPE = L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control 

soil = H0, high organic matter soil with 0.05 % HDPE treatment = H0.05, high organic matter 

soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The 

letters indicate significant (p < 0.05) differences between treatment means as determined by 

post hoc tests.  

 

5.3.1.4. Exchangeable cations  

 

For incubation experiment, the outcomes of two-way ANOVA tests performed between the 

soil type and treatment for exchangeable cations (Na+, K+, Mg2+, Ca2+ and Al3+) are 

summarised in Table 5.1. Different cations behaved differently in the experiment. There was 

a significant effect of the soil type for exchangeable K+, Mg2+ and Ca2+. Mean concentrations 

of K+ and Ca2+ were greater in high organic matter soils compared to the low organic matter 

soils whereas concentrations of Mg2+ were lower in high organic matter soils than the low 

organic matter soils. Treatment effect was significant for all exchangeable cations viz., K+, 

Mg2+, Ca2+ and Al3+, except Na+ (Table 5.1). Interaction effect was not found for Na+ and 

Al3+. No significant (p > 0.05) variation was found for the mean concentrations of 

exchangeable Na+, K+ and Ca2+ when considering the incubated low organic matter soils as 

shown in [Figure 5.7 (a, b and c)]. Mg2+ and Al3+ decreased significantly in the L5.0 treated 

soils from the L0 [Figure 5.7 (c and h)]. Mean concentrations of Na+ was decreased 

significantly only in the H5.0 [Figure 5.7 (a)] whereas concentrations of K+, Mg2+ and Ca2+ 
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reduced in both H0.5 and H5.0 amended soils [Figure 5.7 (b, c and g)] compared to that of 

the H0.  

 

In contrast to the incubation experiment, greenhouse experiment showed a slightly different 

response for the exchangeable cations. Significant (p < 0.05) effect was found for the soil 

type for all exchangeable cations (K+, Mg2+, Ca2+ and Al3+), except Na+ (Table 5.2). Mean 

concentrations of Mg2+ and Al3+ were higher in the low organic matter soils compared to that 

of the high organic matter ones. Opposite findings were found for K+ and Ca2+; higher 

concentrations were found in the high organic matter soils. Treatment effect was not found 

for Na+ and Al3+. Interaction (soil type * treatment) effect was not associated with Al3+ (Table 

5.2). Mean concentrations of Na+, Mg2+ and Ca2+ were decreased significantly (p < 0.05) in 

the L5.0 treatments [Figure 5.7 (d, f and i)] compared to the L0. No significant difference (p 

> 0.05) was associated with K+ (Figure 5.7e) and Al3+ (Figure 5.7j) for the low organic matter 

soils. Regarding high organic matter soils, mean concentrations of K+ and Ca2+ were declined 

significantly (p < 0.05) in both H0.5 and H5.0 soils [Figure 5.7 (e and i)] whereas 

concentrations of Na+ and Mg2+ were decreased in only H5.0 [Figure 5.7 (d and f)] compared 

to the H0.  
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Table 5.1. Effects of different factors on exchangeable cations for incubated soils. There are two factors: soil type and treatment. Two types of soils 

differing in organic matter contents and four treatments (control, 0.05 %, 0.50 % and 5.00 % HDPE) were used. For all cases, n = 4.     

 

 

 

Table 5.2. Effects of different factors on exchangeable cations for greenhouse soils. There are two factors: soil type and treatment. Two types of 

soils differing in organic matter contents and four treatments (control, 0.05 %, 0.50 % and 5.00 % HDPE) were used. For all cases, n = 4.     

 

Factor Na+ K+ Mg2+ Ca2+ Al3+ 

F value P value F value P value F value P value F value P value                           F value P value 

Soil type 

 

3.952 > 0.05 11.339 < 0.05 5.517 < 0.05 165.070 < 0.05 0.866 > 0.05 

Treatment  

 

10.022 > 0.05 59.381 < 0.05 63.843 < 0.05 90.758 < 0.05 7.401 < 0.05 

Soil type × Treatment  

 

4.814 > 0.05 32.920 < 0.05 31.200 < 0.05 104.511 < 0.05 0.448 > 0.05 

Factor Na+ K+ Mg2+ Ca2+ Al3+ 

F value P value F value P value F value P value F value P value                           F value P value 

Soil type 

 

3.952 > 0.05 100.687 < 0.05 351.475 < 0.05 175.616 < 0.05 15.447 < 0.05 

Treatment  

 

2.689 > 0.05 33.631 < 0.05 41.133 < 0.05 80.104 < 0.05 1.929 > 0.05 

Soil type × Treatment  

 

8.915 < 0.05 27.822 < 0.05 12.863 < 0.05 51.499 < 0.05 0.868 > 0.05 



189 
 

 

 

(a) 

 

(d)  

  

(b)  

 

(e)  

 

 

(c)  (f)  

 

Figure 5.7. Concentration of exchangeable cations: (a) Na+, (b) K+, (c) Mg2+ for the incubated 

soil, (d) Na+, (e) K+, (f) Mg2+ for the greenhouse soil following HDPE treatments. Bars 

indicate standard deviations of means with four replicates (n = 4). The letters indicate 

significant (p < 0.05) differences between treatment means as determined by post hoc tests. 

Control, 0.05 %, 0.50 % and 5.00 % indicated HDPE application rates. 
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(g) 

 

 

(i)  

 

 

 

(h)  (j)  

 

Figure 5.7 (continued). Concentration of exchangeable cations: (g) Ca2+, (h) Al3+ for the 

incubated soil, (i) Ca2+, (j) Al3+ for the greenhouse soil following HDPE treatments. Bars 

indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 0.50 % 

and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, low 

organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE 

= L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control soil = 

H0, high organic matter soil with 0.05 % HDPE treatment = H0.05, high organic matter soil 

with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The letters 

indicate significant (p < 0.05) differences between treatment means as determined by post 

hoc tests.  
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5.3.1.5. Effective cation exchange capacity (ECEC) and total cation exchange 

capacity (TCEC) 

 

Significant (p < 0.05) differences were found between soil type, treatment and their 

interaction for incubated soils. High organic matter soils had significantly (p < 0.05) greater 

ECEC than the low organic matter soils. There was a significant (p < 0.05) decrease in ECEC 

in the L5.0 by 33 % compared to the L0. Significant (p < 0.05) decreases were also found in 

H0.5 and H5.0 treatments by 38 % and 47 % respectively (Figure 5.8a) from the H0. ECEC 

of the H0, H0.5 and H5.0 treatments were significantly different from each other (Figure 

5.8a). For both soil types, there was no difference between control and 0.05 % treatments.  

 

  

(a) (b)  

 

Figure 5.8. ECEC for (a) incubated and (b) greenhouse soil following HDPE treatments. Bars 

indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 0.50 % 

and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, low 

organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE 

= L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control soil = 

H0, high organic matter soil with 0.05 % HDPE treatment = H0.05, high organic matter soil 

with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The letters 

indicate significant (p < 0.05) differences between treatment means as determined by post 

hoc tests.  

 

Like the incubated soils, there were significant (p < 0.05) differences between soil type, 

treatment and their interaction for the greenhouse soils. ECEC was significantly (p < 0.05) 

greater in high organic matter soils than in the low organic matter soils. The ECEC was 

significantly (p < 0.05) decreased by 35 % in L5.0 treatments from the L0. H0.5 and H5.0 

showed significantly (p < 0.05) lower ECEC by 38 % and 54 % respectively when compared 
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with the H0 (Figure 5.8b). No significant (p > 0.05) difference was observed between control 

and 0.05 % treatments for both soil types.  

 

While significantly (p < 0.05) lower total cation exchange capacity (TCEC) was observed in 

incubated L5.0 treatments compared to the L0, there were significantly (p < 0.05) lower 

TCECs in H0.5 and H5.0 treatments when comparing with the H0 treatments (Figure 5.9a). 

There was no significant (p > 0.05) difference between L0, L0.05 and L0.5 whereas 

significant (p < 0.05) difference was seen between H0.5 and H5.0 (Figure 5.9a).  

 

Both soil types showed similar trend in the greenhouse study. L0.5 and L5.0 had significantly 

(p < 0.05) lower TCEC than the L0 (Figure 5.9b). H0.5 and H5.0 had significantly (p < 0.05) 

lower TCEC as compared with the H0; H0, H0.5 and H5.0 were significantly (p < 0.05) 

different from each other (Figure 5.9b). For both soil types, no difference was found between 

control and 0.05 % treatments.  

 

  

(a) (b)  

 

Figure 5.9. TCEC for (a) incubated and (b) greenhouse soil following HDPE treatments. Bars 

indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 0.50 % 

and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, low 

organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE 

= L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control soil = 

H0, high organic matter soil with 0.05 % HDPE treatment = H0.05, high organic matter soil 

with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The letters 

indicate significant (p < 0.05) differences between treatment means as determined by post 

hoc tests.  
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5.3.1.6. Water extractable carbon (WEC)  

 

Two functional pools of water extractable carbon (WEC) were studied in our study: a) cold 

water extractable carbon (CWEC) and b) hot water extractable carbon (HWEC). CWEC is 

highly mobile and quantitatively is very close to the dissolved organic carbon in soil. 

Compared to the CWEC, HWEC gives indications of microbial activity, microbial biomass 

C, C cycling and microaggregate concentration (Ghani et al., 2003). Effects of soil, treatment 

and their interaction were significant for the incubation study regarding concentrations of 

CWEC. Concentrations of CWEC were significantly (p < 0.05) higher in the incubated high 

organic matter soils compared to the low organic matter ones. No difference was observed 

between L0, L0.05, L0.5 and L5.0. CWEC was reduced in H0.5 and H5.0 treatments by 6 % 

and 25 % respectively compared to the H0. Significant (p < 0.05) difference was observed 

between the H0.5 and H5.0 treatments also (Figure 5.10a).  

 

Effects of soil and treatment had significant (p < 0.05) impacts on CWEC, but their interaction 

had no impact (p > 0.05) in the greenhouse study. CWEC was higher in the high organic 

matter soils than the low organic matter ones. CWEC was decreased significantly in L0.5 and 

L5.0 by 54 % and 86 % respectively from the L0, although L0.5 and L5.0 were not 

significantly (p > 0.05) different from each other (Figure 5.10b). Likewise, CWEC was 

decreased significantly by 68 % in the H0.5 treatments and 88 % in H5.0 treatments relative 

to the H0 (Figure 5.10b). However, no difference was associated between H0.5 and H5.0. 

There was no variation in control and 0.05 % treatments for both soil types.  

 

Soil type and treatment had a significant (p < 0.05) influence on HWEC; however, their 

interaction effect was not significant (p > 0.05) for the incubation study. HWEC was 

significantly (p < 0.05) higher in the high organic matter soils than the low organic matter 

soils. For both soils, HWEC was significantly (p < 0.05) declined in 0.50 % and 5.00 % 

treatments (Figure 5.11a).  

 

Similar findings were observed from the two-way ANOVA tests for the greenhouse study. 

Concentrations of HWEC were significantly (p < 0.05) higher in the high organic matter soils 

than the low organic matter ones. For both soil types, 0.50 % and 5.00 % treatments showed 

reductions in HWEC (Figure 5.11b).  
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(a) (b)  

 

Figure 5.10. CWEC for (a) incubated and (b) greenhouse soil following HDPE treatments. 

The bars indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 

0.50 % and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, 

low organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % 

HDPE = L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control 

soil = H0, high organic matter soil with 0.05 % HDPE treatment = H0.05, high organic matter 

soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The 

letters indicate significant (p < 0.05) differences between treatment means as determined by 

post hoc tests.  

 

  

(a) (b)  

 

Figure 5.11. HWEC for (a) incubated and (b) greenhouse soil following HDPE treatments. 

Bars indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 0.50 

% and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, low 

organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE 

= L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control soil = 

H0, high organic matter soil with 0.05 % HDPE = H0.05, high organic matter soil with 0.50 

% HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The letters indicate 

significant (p < 0.05) differences between treatment means as determined by post hoc tests.  
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5.3.1.7. Olsen phosphorus (P)  

 

In both incubation and greenhouse experiments, outcomes of two-way ANOVA are similar, 

indicating that soil types, treatments and their interaction showed significant (p < 0.05) 

differences in the concentration of Olsen P. High organic matter soils had higher Olsen P than 

the low organic matter soils which was true for both experiments. Incubated L5.0 treatments 

contained significantly (p < 0.05) less Olsen P compared to the L0. There were no significant 

differences between the L0, L0.05 and L0.5 treatments (Figure 5.12a). Concentrations of 

Olsen P in the H0.5 and H5.0 treatments were significantly (p < 0.05) reduced from the H0 

treatments (Figure 5.12a). H0.5 and H5.0 treatments were significantly (p < 0.05) different 

from each other though no variation was found between H0 and H0.05.  

 

For greenhouse studies, no significant (p > 0.05) interaction effect was found between the 

low organic matter soils and treatments (L0, L0.05, L0.5 and L5.0; Figure 5.12b). Olsen P 

concentrations were found to be decreased in H0.5 and H5.0 compared with the H0 (Figure 

5.12b). H0, H0.5 and H5.0 treatments were significantly different from one another. No 

significant variation was seen between H0 and H0.05.  
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(a) (b)  

 

Figure 5.12. Olsen phosphorus for (a) incubated and (b) greenhouse soil following HDPE 

treatments. Bars indicate standard deviations of means with four replicates (n = 4). Control, 

0.05 %, 0.50 % and 5.00 % indicated HDPE application rates: low organic matter control soil 

= L0, low organic matter soil treated with 0.05 % HDPE = L0.05, low organic matter soil 

with 0.50 % HDPE = L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic 

matter control soil = H0, high organic matter soil with 0.05 % HDPE = H0.05, high organic 

matter soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. 

The letters indicate significant (p < 0.05) differences between treatment means as determined 

by post hoc tests.  

 

 

5.3.1.8. Ammonium (NH4
+) and nitrate (NO3

-)  

 

Concentration of NH4
+ showed similar results in both incubation (Figure 5.13a) and 

greenhouse (Figure 5.13b) studies. Effects of treatment was significant (p < 0.05), but effects 

of soil and interaction between soil and treatment were not significant (p < 0.05). NH4
+ 

concentration was significantly (p < 0.05) lower in the L5.0 than in the L0, L0.05 and L0.5 

treatments. There was no significant (p > 0.05) variation between L0, L0.05 and L0.5 

treatments. The same trend was seen for the high organic matter soils.  
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(a) (b)  

 

Figure 5.13. NH4
+ for (a) incubated and (b) greenhouse soil following HDPE treatments. Bars 

indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 0.50 % 

and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, low 

organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE 

= L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control soil = 

H0, high organic matter soil with 0.05 % HDPE treatment = H0.05, high organic matter soil 

with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The letters 

indicate significant (p < 0.05) differences between treatment means as determined by post 

hoc tests.  

 

Soil and treatment had significant impacts on NO3
- concentrations in the incubation study. 

Incubated high organic matter soils had significantly (p < 0.05) higher NO3
- concentrations 

when compared to the low organic matter soils. For both soil types, NO3
- in control, 0.05 % 

and 0.5 % treatments were not significantly (p > 0.05) different from one another but were 

significantly (p < 0.05) greater than the NO3
- concentrations in the L5.0 (Figure 5.14a).  

 

Soil, treatment and their interaction showed significant influence on NO3
- concentrations in 

the greenhouse study. NO3
- concentrations were significantly (p < 0.05) higher in high organic 

matter soils than in the low organic matter soils. Comparisons of the L0 with other treatments 

(L0.05, L0.5 and L5.0) indicated significant (p < 0.05) decreases in the concentrations of 

NO3
- in the L5.0 from the L0. No significant (p > 0.05) difference was recorded between L0.5 

and L5.0. Concentrations of NO3
- was significantly reduced in L5.0 than the L0.05 treatments 

(Figure 5.14b). No significant difference was associated between L0, L0.05 and L0.5. NO3
- 

concentrations was decreased significantly (p < 0.05) in the H5.0 treatments when comparing 

to the H0. There was no significant difference between H0, H0.05 and H0.5 (Figure 5.14b).  
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(a) (b)  

 

Figure 5.14. NO3
- for (a) incubated and (b) greenhouse soil following HDPE treatments. Bars 

indicate standard deviations of means with four replicates (n = 4). Control, 0.05 %, 0.50 % 

and 5.00 % indicated HDPE application rates: low organic matter control soil = L0, low 

organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE 

= L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control soil = 

H0, high organic matter soil with 0.05 % HDPE treatment = H0.05, high organic matter soil 

with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. The letters 

indicate significant (p < 0.05) differences between treatment means as determined by post 

hoc tests.  

 

5.3.1.9. Phosphorus in soil pore water 

 

Soil type, treatment and their interaction had significant (p < 0.05) influences on P content in 

soil pore water for the incubation experiment. Significantly (p < 0.05) lower P content was 

found in low organic matter soils compared to the high organic matter ones. P content was 

significantly lower in the L5.0 than in L0. No significant (p > 0.05) differences among other 

treatments (L0, L0.05 and L0.5) were observed (Figure 5.15a). H0.5 and H5.0 had 

significantly (p < 0.05) lower P contents compared to the H0. Significant (p < 0.05) 

differences were also found between H0.5 and H5.0. There was no difference between H0 

and H0.05 treatments.  

 

In the greenhouse experiment, P contents in the pore water showed significant differences 

across soil type, treatment and their interaction. P content is greater in high organic matter 

soils than in the low organic matter ones. No difference (p > 0.05) was observed in L0, L0.05, 

L0.5 and L5.0, while significant (p < 0.05) differences were found in H0.5 and H5.0 (Figure 
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5.15b) compared to that of the H0. Both H0.5 and H5.0 were significantly (p < 0.05) different 

from each other (Figure 5.17b). However, no variation was found between H0 and H0.05.  

 

  

(a) (b)  

 

Figure 5.15. Phosphorus in soil pore water for (a) incubated and (b) greenhouse soil following 

HDPE treatments. Bars indicate standard deviations of means with four replicates (n = 4). 

Control, 0.05 %, 0.50 % and 5.00 % indicated HDPE application rates: low organic matter 

control soil = L0, low organic matter soil with 0.05 % HDPE = L0.05, low organic matter 

soil with 0.50 % HDPE = L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high 

organic matter control soil = H0, high organic matter soil with 0.05 % HDPE = H0.05, high 

organic matter soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE 

= H5.0. The letters indicate significant (p < 0.05) differences between treatment means as 

determined by post hoc tests.  

 

5.3.1.10. Water holding capacity (WHC) of soil   

 

WHC was significantly (p < 0.05) influenced by soil type, treatment and their interaction in 

the incubation study. WHC is significantly (p < 0.05) greater in high organic matter soils than 

the low organic matter ones. WHC was significantly (p < 0.05) decreased in L5.0 compared 

to the L0 treatments. There was no significant (p > 0.05) difference between L0, L0.05 and 

L0.5 (Figure 5.16a). WHC of H0.5 and H5.0 was significantly lower than that of H0 

treatments. However, H0.5 and H5.0 were not significantly (p > 0.05) different from each 

other.   

 

In the greenhouse study, soil type, treatment and their interaction showed significant (p < 

0.05) influences on WHC. High organic matter soils had higher WHC than the low organic 

matter soils. WHC of L5.0 was significantly lower than the L0 treatments. There was no 
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significant (p > 0.05) difference between L0, L0.05 and L0.5 (Figure 5.16b). However, WHC 

was significantly (p < 0.05) decreased in H0.5 and H5.0 compared to the H0 treatments. H0, 

H0.5 and H5.0 were significantly different from each other (Figure 5.16b), but there was no 

difference between H0 and H0.05 treatments.  

 

 

 

(a) (b)  

 

Figure 5.16. Soil water holding capacity for (a) incubated and (b) greenhouse soil following 

HDPE treatments. Bars indicate standard deviations of means with four replicates (n = 4). 

Control, 0.05 %, 0.50 % and 5.00 % indicated HDPE application rates: low organic matter 

control soil = L0, low organic matter soil with 0.05 % HDPE = L0.05, low organic matter 

soil with 0.50 % HDPE = L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high 

organic matter control soil = H0, high organic matter soil with 0.05 % HDPE = H0.05, high 

organic matter soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE 

= H5.0. The letters indicate significant (p < 0.05) differences between treatment means as 

determined by post hoc tests.  
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5.3.1.11. Water stable aggregates (WSA) 

 

For both incubation (Figure 5.17a) and greenhouse (Figure 5.17b) experiments, soil type and 

treatment had significant (p < 0.05) impacts on %WSA, but no interaction effect (p > 0.05) 

was found. 0.5 % and 5.00 % treatments had significantly (p < 0.05) lower %WSA compared 

to the controls. Although there was no variation (p > 0.05) between control and 0.05 % 

treatments, 0.5 % and 5.00 % treatments were significantly (p < 0.05) different from each 

other (Figure 5.17a, 5.17b). Both soil types behaved similarly in the incubation and 

greenhouse studies.  

 

 

 

(a) (b)  

 

Figure 5.17. Water stable aggregates for (a) incubated and (b) greenhouse soil following 

HDPE treatments. Bars indicate standard deviations of means with four replicates (n = 4). 

Control, 0.05 %, 0.50 % and 5.00 % indicated HDPE application rates: low organic matter 

control soil = L0, low organic matter soil with 0.05 % HDPE = L0.05, low organic matter 

soil with 0.50 % HDPE = L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high 

organic matter control soil = H0, high organic matter soil with 0.05 % HDPE = H0.05, high 

organic matter soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE 

= H5.0. The letters indicate significant (p < 0.05) differences between treatment means as 

determined by post hoc tests.  

 

5.3.1.12. Relationship of respiration rate, pH and water extractable carbon 

 

For both incubation (Table 5.3a) and greenhouse (Table 5.3b) experiments, positive 

correlations were observed between cold water extractable carbon (CWEC) and hot water 

extractable carbon (HWEC), total water extractable carbon (WEC) and hot water extractable 

carbon (HWEC), total water extractable carbon (WEC) and cold water extractable carbon 
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(CWEC), and between respiration rate and pH. Negative correlations were observed between 

pH and hot water extractable carbon (HWEC), pH and cold water extractable carbon 

(CWEC), and between pH and total water extractable carbon (WEC). In contrast hot water 

extractable carbon (HWEC), cold water extractable carbon (CWEC) and total water 

extractable carbon (WEC) had no significant relationship (p > 0.05) with the respiration rate 

(Table 5.3a, 5.3b).  

 

Table 5.3. Correlations of respiration rate, pH and water extractable carbon for (a) incubation 

and (b) greenhouse experiments. Two types of soils (low and high organic matter soil) and 

four microplastic treatments (control, 0.05 %, 0.50 % and 5.00 % HDPE) were considered. 

Upper values indicate Pearson correlation coefficients; lower values indicate p values. Values 

in italic, red color are significant at p < 0.01 and those in italic, blue color at p < 0.05.  

(a) 

 

(b) 

*CWEC = cold water extractable carbon, HWEC = hot water extractable carbon, WEC = total water 

extractable carbon.  
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5.3.2. Plant parameters 

 

All plant parameters (plant height, leaf chlorophyll content, shoot biomass, root biomass, 

root: shoot ratio and plant P) were measured at the end of the seven week growth period. 

Two-way ANOVA test showed that for all parameters, the patterns were similar for both soil 

types (Table 5.4). Values of controls and 0.05 % microplastic treatments had higher values 

for all parameters. There was no significant (p > 0.05) difference between control and 0.05 

% treatments. There were significant reductions on the parameters with 0.50 % and 5.00 % 

treatments compared to the controls. 5.00 % treatments had significantly (p < 0.05) lower 

values for the parameters than the 0.50 % treatments.  
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Table 5.4. Plant height (cm), leaf chlorophyll content (g/ m2), fresh and dry weight of shoot biomass (g), fresh and dry weight of root biomass (g), 

fresh and dry root: shoot ratio and plant P (%). Values are expressed as means of four replicates (n = 4). There are two types of soil and four HDPE 

treatments: low organic matter control soil = L0, low organic matter soil with 0.05 % HDPE = L0.05, low organic matter soil with 0.50 % HDPE 

= L0.5, low organic matter soil with 5.00 % HDPE = L5.0, high organic matter control soil = H0, high organic matter soil with 0.05 % HDPE = 

H0.05, high organic matter soil with 0.50 % HDPE = H0.5, high organic matter soil with 5.00 % HDPE = H5.0. Means of HDPE application rates 

that do not share a letter are significantly (p < 0.05) different which was indicated by post-hoc tests (showed which treatment groups are different 

from each other).    

Measured 

parameters 

Treatments 

L0 L0.05 L0.5 L5.0 H0 H0.05 H0.5 H5.0 

Plant height 

(cm) 

22.16 ± 0.24 

a 

22.23 ± 0.33 

a 

19.11 ± 0.13 

b 

15.75 ± 0.21 

c 

25.65 ± 0.21 

d 

25.53 ± 0.15 

d 

23.88 ± 0.21 

e 

19.62 ± 0.24 

f 

Chlorophyll content 

(g/ m2) 

0.87 ± 0.03 

a 

0.84 ± 0.03 

a 

0.56 ± 0.01 

b 

0.31 ± 0.03 

c 

0.95 ± 0.01 

d 

0.95± 0.004 

d 

0.63± 0.04 

e 

0.30 ± 0.08 

f 

Fresh weight of 

shoot biomass (g) 

6.61 ± 0.09 

a 

6.45 ± 0.13 

a 

4.59 ± 0.09 

b 

2.86 ± 0.09 

c 

7.44 ± 0.04 

d 

7.53 ± 0.11 

d 

5.64 ± 0.09 

e 

3.78 ± 0.13 

f 

Dry weight of 

shoot biomass (g) 

1.50 ± 0.05 

a 

1.53 ± 0.08 

a 

1.33 ± 0.03 

b 

1.02 ± 0.006 

c 

1.87 ± 0.09 

d 

1.86 ± 0.02 

d 

1.57 ± 0.02 

e 

1.18 ± 0.05 

f 

Fresh weight of 

root biomass (g) 

6.06 ± 0.09 

a 

5.89 ± 0.13 

a 

4.05 ± 0.08 

b 

2.31 ± 0.09 

c 

6.89 ± 0.04 

d 

6.98 ± 0.10 

d 

5.09 ± 0.09 

e 

3.23 ± 0.13 

f 

Dry weight of 

root biomass (g) 

1.10 ± 0.05 

a 

1.13 ± 0.08 

a 

0.93 ± 0.03 

b 

0.62 ± 0.006 

c 

1.47 ± 0.09 

d 

1.46 ± 0.02 

d 

1.17 ± 0.02 

e 

0.78 ± 0.05 

f 

Root: shoot ratio 

(fresh) 

0.92 ± 0.001 

a 

0.91 ± 0.002 

a 

0.88 ± 0.002 

b 

0.81 ± 0.008 

c 

0.93 ± 0.0003 

d 

0.93 ± 0.00 

d 

0.90 ± 0.002 

e 

0.85 ± 0.005 

f 

Root: shoot ratio 

(dry) 

0.73 ± 0.009 

a 

0.74 ± 0.01 

a 

0.69 ± 0.006 

b 

0.61 ± 0.002 

c 

0.76 ± 0.01 

d 

0.79 ± 0.002 

d 

0.70 ± 0.003 

e 

0.66 ± 0.02 

f 

Plant P 

(%) 

0.23 ± 0.0003 

a 

0.23 ± 0.0003 

a 

0.15 ± 0.0019 

b 

0.12 ± 0.0002 

c 

0.36 ± 0.0001 

d 

0.36 ± 0.0002 

d 

0.22 ± 0.0002 

e 

0.19 ± 0.0002 

f 
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Plant height was 22.16 ± 0.24 cm (n = 4; ± standard deviation) in L0 treatments which was 

not significantly (p > 0.05) different from the L0.05 treatments. L0.5 and L5.0 treatments 

were significantly (p < 0.05) different from each other. Plant height was significantly (p < 

0.05) declined by 13 % in the L0.5 and 29 % in L5.0 treatments relative to L0 (Table 5.4). 

Same trend was followed in high organic matter soils. Plant height was 22.65 ± 0.21 cm (n = 

4) in the H0 which was not significantly (p > 0.05) different from the H0.05 treatments. Plant 

height was reduced by 7 % in H0.5 and 24 % in H5.0 treatments compared to the H0 

treatments. Both H0.5 and H5.0 treatments were significantly (p < 0.05) different from each 

other (Table 5.4). Chlorophyll content was 0.87 ± 0.03 g/ m2 for the plants grown in the L0 

treatments and no significant difference was associated between L0 and L0.05 treatments. 

Chlorophyll content was decreased in L0.5 and L5.0 treatments by 36 % and 64 % 

respectively when compared with the L0; L0.5 and L5.0 treatments were significantly (p < 

0.05) different from each other. Reduction in chlorophyll content was 34 % with the H0.5 

and 68 % with the H5.0 than that of the H0 treatments which had a chlorophyll content of 

0.95 ± 0.01 g/ m2 (n = 4; ± standard deviation). No significant (p > 0.05) variation was found 

between H0 and H0.05. In both high and low organic matter soils, fresh and dry weight of 

shoot biomass were significantly declined in 0.50 % and 5.00 % treatments when compared 

with the control. Both 0.50 % and 5.00 % treatments were significantly different from each 

other. There was no significant difference found between control and 0.05 % treatments. 

Similar pattern was followed by fresh and dry weight of root biomass and root: shoot ratio. 

Plant P content was recorded 0.23 ± 0. 0003 % (n = 4; ± standard deviation) in L0 which 

showed 35 % and 48 % reductions in L0.5 and L5.0 treatments respectively. L0.5 and L5.0 

treatments were significantly different from each other but no significant difference was 

observed between L0 and L0.05. H0 treatments had P content of 0.36 ± 0.0001 % which was 

declined by 39 % in H0.5 and 47 % in H5.0 treatments. H0.5 and H5.0 treatments were 

significantly different from each other but no significant difference was observed between 

H0 and H0.05 (Table 5.4). 
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5.4. Discussion 

 

Our initial hypothesis was HDPE would limit plant growth by reducing the amount of 

available P. By the end of our experiment, our data supported part of our hypothesis. It was 

observed in our study that P concentrations were reduced in the presence of microplastics, 

and it is possible that this is due to the sorption of P to the microplastics as discussed in our 

adsorption experiment (Chapter 3) and/ or it was due to the precipitation of P. Respiration 

rate, phosphatase enzyme activity and soil pH had higher values in the higher microplastic 

treatments than in the controls. However, exchangeable cations (Na, K, Mg, Ca and Al), 

effective cation exchange capacity (ECEC), total cation exchange capacity (TCEC), cold 

(CWEC) and hot water extractable carbon (HWEC), Olsen P, pore water P, NH4
+, NO3

-, water 

holding capacity (WHC), aggregate stability, plant height, chlorophyll content, biomass 

(shoot and root), root: shoot ratio as well as plant P were decreased with the higher 

microplastic treatments than the controls. Reductions in some parameters (e.g. exchangeable 

cations, ECEC, TCEC, CWEC, HWEC, Olsen P, pore water P, NH4
+ and NO3

-) were more 

than a factor of 0.95 indicating that the greater reductions could be explained by dilution due 

to the microplastic additions. Some of these trends (decreases/ increases in soil parameters) 

were consistent with decreased plant growth. Thus, changes (decreases/ increases) in all soil 

parameters together or a single parameter alone might explain the decreased growth of plant 

in our study.  

 

 

5.4.1. Microplastics impact on soil properties and plant growth  

 

In the incubation experiments, there were no significant differences in the respiration rate 

(Figure 5.4a) or enzyme activity (Figure 5.5a) between the treatments except the 5.00 %. 

Respiration rate was significantly (p < 0.05) increased by approximately 119 % and 76 % for 

the L5.0 and H5.0 treatments respectively (Figure 5.4a) compared to the controls. Enzyme 

activity was significantly (p < 0.05) increased by approximately 150 % and 44 % for the L5.0 

and H5.0 treatments respectively (Figure 5.5a) relative to the control treatments. In the 

greenhouse experiments, respiration rate was significantly (p < 0.05) increased by 

approximately 46 % in L5.0 than L0. Respiration was decreased by about 15 % in the H0.5 

relative to H0 treatments (Figure 5.4b). However, respiration was increased by 59 % in the 

H5.0 treatment relative to the H0 (Figure 5.4b). Enzyme activity was significantly (p < 0.05) 

increased by approximately 150 % and 44 % for the incubated L5.0 and H5.0 treatments 
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respectively (Figure 5.5b) compared to controls. Increased enzyme activity in our study was 

consistent with previous studies (Huang et al., 2019; Fei et al., 2020; Liu et al., 2017; Yang 

et al., 2018; Zhao et al., 2021; Aciego and Brookes, 2009) where authors recorded an increase 

in enzyme activity in the presence of microplastics. Authors suggested that the relatively high 

content of carbon (typically around 80 %; Rillig, 2018) in microplastics could feed the soil 

microbes causing a priming effect which led to increased microbial activity with potential 

increases in enzyme activity. Another reason for enhanced enzyme activity with high doses 

of microplastic treatments as suggested by Machado et al. (2019) was release of compounds 

from the microplastics into the soil solution (added during manufacturing process) which 

could provide a food source for the soil microbes. Production of microplastic involves 

polymerisation of organic compounds and the remaining monomers (atoms/ small molecules 

that bond together to form polymer) loosely interacting with the polymer matrix can leach 

into the soil. For instance, HDPE production involves polymerisation of ethene and the 

remaining monomers were aliphatic hydrocarbons (C14, C16, C18, C20, and C22) that leach into 

the soil solution (Browne et al., 2008).  

 

Salazar et al. (2011) stated that increased microbial activity is linked with an increased 

enzyme activity, which is in turn positively correlated with increased soil respiration. 

Increased respiration in soil is typically linked to rapid decomposition of labile C (Eliasson 

et al., 2005), increases in soil pH and enzyme activity (Aciego and Brookes, 2008; Allison 

and Vitousek, 2005). Both our incubation and greenhouse experiments observed positive 

correlations between cold water extractable carbon (CWEC) and hot water extractable carbon 

(HWEC), total water extractable carbon (WEC) and hot water extractable carbon (HWEC), 

total water extractable carbon (WEC) and cold water extractable carbon (CWEC), and 

between respiration rate and pH (Table 5.3a, 5.3b). These types of positive correlations were 

observed for both soil types. It was apparent from our study that high doses of microplastics 

tended to reduce the concentration of WEC (Figure 5.10, 5.11), increase phosphatase enzyme 

activity (Figure 5.5) and increase soil pH (Figure 5.6). Soil pH does not influence respiration 

directly, rather it controls nutrient solubility and availability which impacts on soil microbes 

responsible for soil organic matter decomposition which is evident by soil respiration. The 

pH range 5.5 – 6.5 is optimal for the survival and multiplication of microbes as the availability 

of nutrients is optimal at this pH range. Soil pH was found 7.6 and 7.8 for the incubated L5.0 

and H5.0 treatments respectively which was significantly (p < 0.05) higher than the controls 

(6.2 in L0; 6.4 in H0; Figure 5.6a). For the greenhouse study, pH was 7.0 and 7.2 in the L0.5 

and L5.0 treatments respectively whereas 6.9 and 7.2 in the H0.5 and H5.0 respectively 



208 
 

(Figure 5.6b). All these values were significantly (p < 0.05) higher than the controls (5.5 in 

L0; 6.4 in H0). These increases in pH supported our findings of higher soil respiration (Figure 

5.4). Changes in soil pH may affect the solubility and availability of nutrients by changing 

chemical speciation processes within soils (Machado et al., 2019) which in turn affect plant 

growth. More divalent anion (HPO4
2-) is taken up by plants at higher soil pH (typically above 

6.5) whereas at low pH (less than 6.5), monovalent anion (H2PO4
-) is the dominant ion for 

the plants (Parham et al., 2002). HPO4
2- was more likely to be uptaken by the plants in high 

microplastic treated soils since the pH values were more than 6.5 (Figure 5.6). However, 

H2PO4
- was more likely to be taken up by the plants in control soils as the soils had pH values 

less than 6.5 (Figure 5.6). Previous studies (Ren et al., 2020; Liu et al., 2017; Boots et al., 

2019) observed increased CO2 fluxes in microplastic treated soils and it can be assumed that 

these increases reflect increases in respiration. These findings were supported by our data 

since we observed higher rate of respiration due to the addition of microplastics (Figure 5.4).  

 

It is worth noting that the soil pH was decreased (from 7.6 to 6.2 in L0 and 7.1 to 6.4 in H0; 

Section 5.2.1; Figure 5.6) after incubating in the controlled temperature room for a period of 

30 days. Incubation at 25 °C (Figure 5.1) encourages growth of microbes and these microbes 

could produce more organic acids leading to decreases in soil pH (Fu and Mathews, 1999; 

Ratzke and Gore, 2018). Increased microbial biomass resulting from the incubation 

experiment would have increased the decomposition of soil organic matter that could result 

in the formation of soluble organic acids in the soil and, as a result, soil pH was decreased 

(Weil and Brady, 2016). Decreased pH after incubating the soil could be due to speeding up 

the nitrification process. The nitrification process significantly decreases soil pH by 

producing H+ ions (Weil and Brady, 2016). The nitrifying bacteria (responsible for 

nitrification), being aerobic, require oxygen to oxidize NH4
+ to NO2

- and then NO3
-, and thus 

are favoured in well aerated, moist soils (Weil and Brady, 2016; Schaefer and Hollibaugh, 

2017). The nitrifying bacteria perform best when temperatures are between 20 and 30 °C 

(Weil and Brady, 2016). We maintained a soil water content of 25 % (w/w) and a temperature 

of 25 °C throughout the incubation experiment which could be attributed to speeding up the 

nitrification in soil.  

 

It was apparent from our study that high doses of microplastics tended to reduce microbial 

biomass C as suggested by the HWEC (Figure 5.11) since concentration of HWEC is linked 

to the microbial biomass (Ghani et al., 2003). Microbes present in the soil could be more 

active but their numbers were not increased. In addition, decrease in the concentrations of 

https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
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WEC (Figure 5.10, 5.11) due to higher decomposition (Figure 5.4) could outweigh any 

increase in microbial biomass so that HWEC was seen to decrease despite potential increase 

in microbial numbers to accompany the increase in microbial activity. It is noteworthy that 

the higher respiration in the soil is likely to reduce the concentration of WEC (both CWEC 

and HWEC; Figure 5.10, 5.11) as it is converted into CO2. There could be some additional 

sources of C present in soil that were not extracted by the cold and hot water extraction 

methods.  

 

Studies also showed that microplastics in the soil can decrease enzymatic activity and 

respiration (Zhao et al., 2021; Fei et al., 2020) which appeared to contradict our study. The 

decrease was attributed to the incorporation of microplastics into the dynamic structure of 

aggregates introducing fracture points into the aggregates, and thus decreasing aggregate 

stability. Reduced concentration of HWEC (Figure 5.11) which was used as an index of 

microaggregates (Ghani et al., 2003) would indicate fewer microaggregates and ultimately 

fewer macroaggregates (as these are built of microaggregates) resulting in the decrease of 

aggregate stability (Figure 5.17) in our high microplastic treated soils which were consistent 

with previous studies (Machado et al., 2018; Machado et al., 2019 and Zhang et al., 2018). 

These studies showed a declining trend in aggregate stability with the increasing level of 

microplastics. However, it was apparent from the studies (Lehmann et al., 2021; Rillig, 2018; 

Machado et al., 2018; Machado et al., 2019; Zhang et al., 2018) that microplastic type and 

shape are not always likely to be the dominant factor for influencing aggregate stability, and 

that the characteristics and concentration of the additives present in microplastic are more 

likely to be the factors affecting aggregates. Effect of microplastics on aggregate stability 

may decrease water flows (Six et al., 2004) in the soil that may explain the decreases in 

enzymatic activities as observed by Zhao et al. (2021) and Fei et al. (2020). Decreased flow 

of water reduces the rate of reactions at which the complex molecules are broken down to 

release plant available nutrients by reducing the transportation of substrate (molecule upon 

which an enzyme acts) to the active site of the enzyme. As a result, enzyme activity is 

decreased in the soil (Wallenstein and Burns, 2011). Although we observed poor aggregate 

stability (Figure 5.17), findings of enzyme activity (Figure 5.5) in presence of higher levels 

of microplastics were opposite compared to the other study (Zhao et al., 2021). The study by 

Zhao et al. (2021) was conducted in leaching columns, thus water flow could be affected and 

it would be reduced by the presence of microplastics which explained the observed decrease 

in enzyme activity. In our experiment, water flow was not affected as we had a constant water 

content which could explain the opposite trends in the enzyme activity. Moreover, Zhao et 

https://www.sciencedirect.com/science/article/pii/S0045653517311074?via%3Dihub#bib95
https://www.sciencedirect.com/science/article/pii/S0045653517311074?via%3Dihub#bib95
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al. (2021) used dry and nutrient deficient grassland soil whereas we used two types of 

agricultural soils in our study. We were not able to explain the effect of poor aggregate 

stability on water flows like Zhao et al. (2021) and Fei et al. (2020) as soil moisture was held 

constant throughout our experimental period (no other edaphic conditions were altered).  

 

Reduced concentrations of Olsen P (Figure 5.12) and pore water P (Figure 5.15) were in line 

with our data as presented in Chapter 3 where we found that the microplastics had the ability 

to adsorb P. These findings were also consistent with the findings of our phosphatase enzyme 

activity and reduced nutrient contents. When the nutrient contents in the soil are limited, soil 

microbes struggle and they may produce more enzymes to try and obtain sufficient nutrients 

for their survival and normal function of the metabolic processes (Aneja et al., 2006). 

Experiments have shown that although C is the most essential nutrient for soil microbes, other 

nutrients (e.g. NH4
+, NO3

-, K+, Mg2+, Ca2+, P) are also required by the microbes to some extent 

for their growth and survival (Waring, 2012). For instance, NH4
+ and NO3

- are required for 

the formation of proteins, nucleic acids and coenzymes required for the microbes (Kim and 

Gadd, 2008). K+ helps to activate different enzymes by physically changing the shape of the 

enzyme molecule, releasing nutrients from the complex compounds for the microbes. Mg2+ 

is involved as cofactor (non-protein ion acted as a catalyst for the activity of enzyme) of 

different enzymes required for the microbes and Ca2+ is involved in microbial cell structure 

(Kim and Gadd, 2008). Thus, decreases in WEC (Figure 5.10, 5.11), NH4
+ (Figure 5.13), 

NO3
- (Figure 5.14), K [Figure 5.7 (b and c)], Mg [Figure 5.7 (c and f)] and Ca [Figure 5.7 (g 

and i)] resulting from the high microplastic treatments were likely to affect microbes. 

Microbes are likely to affect plants since microbes are involved in breaking down complex, 

organic molecules into simple, inorganic form that are easily uptaken by the plants. Lower 

values of WEC (Figure 5.10, 5.11) and water holding capacity (Figure 5.16) together with 

reduced contents of P, NH4
+, NO3

-, Na+, K+, Mg2+ and Ca2+ in presence of high microplastics 

would have affected different physiological processes (e.g. photosynthesis) in plants leading 

to decreased growth of plants (Table 5.4). Our findings supported previous studies (Qi et al., 

2018; Zhou et al., 2021; Lozano and Rillig, 2020; Zhang et al., 2020). These studies 

demonstrated that high levels of microplastics caused reductions in different plant parameters 

(plant height, shoot biomass and root biomass) which was possibly due to the interaction 

between microplastics and soil nutrients (Galloway et al., 2017). However, authors (Qi et al., 

2018; Zhou et al., 2021; Lozano and Rillig, 2020; Zhang et al., 2020) were not able to explain 

the mechanism of this interaction. Contradictory to our findings, studies (Tao et al., 2012; 

Zhang et al., 2015) found that low density polyethylene (LDPE) was likely to improve plant 

https://link.springer.com/article/10.1007/s00374-017-1247-4#ref-CR51
https://www.sciencedirect.com/science/article/pii/S0045653520330988?via%3Dihub#bib22
https://www.sciencedirect.com/science/article/pii/S0045653520330988?via%3Dihub#bib22
https://www.sciencedirect.com/science/article/pii/S0045653520330988?via%3Dihub#bib22
https://www.sciencedirect.com/science/article/pii/S0045653520330988?via%3Dihub#bib22
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growth. Tao et al. (2012) and Zhang et al. (2015) suggested that microplastic has the potential 

to increase soil organic matter resulting in increased contents of available nutrients that leads 

to increased growth of plants.  

 

High pH in soil is due to the reductions in exchangeable cations, soil C and increased enzyme 

activity (Sharpley, 1991). Increased respiration in high microplastic treated soils could break 

down potentially acidic organic molecules present in the soil resulting in an increase in pH 

(Ren et al., 2020). As pH increases above 7.0 in microplastic treated soils compared to the 

controls (pH of both incubated and greenhouse soils were less than 7.0 which was applicable 

for high and low organic matter soils), most of the dissolved P reacts with Ca forming calcium 

phosphates (Parham et al., 2002). Gradually, reactions occur in which the dissolved free 

phosphate species form insoluble compounds (precipitates) that cause both Olsen P (and also 

pore water P) and Ca to become unavailable. At high pH, Ca is the dominant cation that reacts 

with Olsen P. A general sequence of reactions at high pH condition involves the formation of 

dibasic calcium phosphate dihydrate, octacalcium phosphate, and hydroxyapatite (Parham et 

al., 2002; Smith et al., 1998). Each phosphate product formation results in the decreases of 

Olsen P and Ca (Siebielec et al., 2014). Olsen P (Figure 5.12) (and also pore water P; Figure 

5.15) along with Ca [Figure 5.7(g and i)] was observed to decrease in our high microplastic 

treated soils. Our findings were paralleled with Zhang et al. (2020), who found that Olsen P 

declined by up to 5 % with every 100 kg/ ha addition of LDPE (low density polyethylene) 

plastic film residue, although this study differed from our study in many aspects. They 

conducted the experiment for a relatively longer period of time in a field and found that 

decline in Olsen P was likely associated with reduced soil water infiltration rate (decreased 

by 8 % from the control). Similar types of insoluble Mg compounds could be formed resulting 

from the chemical reactions between Mg and Olsen P present in soil solution at high pH 

(Parham et al., 2002) leading to the decreased concentrations of extractable Mg [Figure 5.7(c 

and f)] and Olsen P in the soil (Parham et al., 2002). Furthermore, at increased pH, soil 

minerals are populated by multivalent cations (charge greater than +1; Ca2+, Mg2+, Al3+) 

which promotes the formation of mineral–organic associations through cation bridging 

(Muneer and Oades, 1989). The cation bridging could be another reason for decreased 

concentrations of exchangeable Ca, Mg and Al in high microplastic treated soils. The 

solubility of exchangeable K could be depressed in alkaline soil, as high concentrations of 

H+ ions began to occupy cation exchange sites, making it difficult for K to find places to 

attach (Weil and Brady, 2016; Nye et al., 1968) which could result in decreased 

concentrations of extractable K [Figure 5.7(b and e)]. It is noteworthy that the concentrations 

https://www.tandfonline.com/author/Sharpley%2C+Andrew+N
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calcium-phosphate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calcium-phosphate
https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxylapatite
https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://onlinelibrary.wiley.com/doi/full/10.1111/ejss.12294#ejss12294-bib-0023
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of exchangeable Na (Figure 5.7a), K [Figure 5.7(b and e)] and Ca (Figure 5.7g) showed non-

significant differences in the low organic matter soils. It is possible that lower content of 

negative charges (assuming organic matter is negatively charged) on soil (Sparks, 2003) 

reduces the soil’s ability to attract and retain positively charged cations on their exchange 

sites leading to a reduction in the concentrations of exchangeable Na, K and Ca. Organic 

matter is likely to develop negative charge at pH values greater than 3.0 (point of zero charge) 

although the effect depends on soil characteristics. As the pH increases above point of zero 

charge, the degree of negative charge increases in soil due to the deprotonation of H+ from 

functional groups (Sparks, 2003). We found pH values higher than 3.0 in all our treatments 

(L0, L0.05, L0.5 and L5.0; Figure 5.6) that could be the reason for non-significant differences 

between the treatments in low organic matter soils. Concentration of exchangeable Al showed 

non-significant differences in the high organic matter soils for both incubation and 

greenhouse studies which could be due to the complexes of Al with organic matter resulting 

in decreased Al availability on exchange sites (Bloom et al., 1979; Mulder et al., 1989).  

 

The pH and soil C are negatively correlated under natural circumstances as stated by Zhou et 

al. (2019), with higher pH values associated with lower contents of soil C, although this seems 

to be highly dependent on the soil characteristics and agricultural practices (Ritchie and 

Dolling, 1985). Although our soils differed with Zhou’s soil (2019) in texture and organic 

matter content, we found negative correlations between pH and hot water extractable carbon 

(HWEC), cold water extractable carbon (CWEC) and total water extractable carbon (WEC) 

(Table 5.3a, 5.3b). Lower soil C together with lower WEC (Figure 5.10, 5.11) were consistent 

with higher pH values (Figure 5.6). Previous study (Zhao et al., 2021) observed that pH in 

high microplastic treated soils was increased with a change in the soil physical properties that 

could in turn affect the activity of soil bacteria (Fei et al., 2020; Cole et al., 2011). Soil 

bacteria converts the soil organic compounds into inorganic, plant available forms by 

consuming H+ and consequently soil pH is increased. We did not determine bacterial activity 

in our study, however, increased respiration and enzyme activity could be an indicator of 

higher bacterial activity. A study by Boots et al. (2019) found decreased soil pH in presence 

of microplastics which contradicts our study. The lower pH reflects differences in 

experimental systems between our study and other including the presence of plant and soils 

in our experiment compared to a combination of soil, plant and earthworms. Reasons behind 

the low pH in Boot’s study (2019) was probably due to the changes in soil organic matter 

although the mechanism was not explained by the authors. Despite the lower values of soil 

water holding capacity (Figure 5.16) and aggregate stability (Figure 5.17), enzyme activity 

https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
https://www.sciencedirect.com/science/article/pii/S096085241631207X#b0070
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(Figure 5.5) was seen to increase with the high microplastic treatments that resulted in higher 

values of soil pH (Figure 5.6). Low water holding capacity together with poor aggregates 

could reduce microbial numbers which was found to increase the enzyme activity. Under 

natural circumstances, typical water holding capacity of soil helps to maintain physiological 

state (normal functions of cell) of soil microbes and good soil structure is crucial for the 

availability of C substrates required by the microbes (Gupta, 2011). Lack of C substrates was 

evident by the lower concentrations of WEC (Figure 5.10, 5.11) in our study that resulted in 

poor soil structure. Lower water holding capacity (Figure 5.16) along with poor soil structure 

(Figure 5.17) in high microplastic treated soils would have affected the amount of water 

available for plant uptake. Lower content of plant available water together with increased soil 

pH (Figure 5.6) and lower content of Mg on exchange sites [Figure 5.7(c and f)] would have 

inhibited the formation of chlorophyll (Table 5.4). Previous studies showed that under natural 

circumstances, chlorophyll in the plant leaf was significantly declined due to changes in soil 

pH (Kerwin et al., 2017) and Mg content (Zhou, 2003). Formation of a chlorophyll molecule 

begins with the chelation of porphyrin (N containing ring structure) which is mediated by Mg 

(Scheer, 2006). Decline in chlorophyll concentration with higher soil pH was observed by 

Bryan et al. (1989), although this effect is likely to be highly dependent on plant species and 

soil characteristics. Although P had no direct effect on chlorophyll synthesis, decreased 

contents of phosphorus (Figure 5.12; Figure 5.17) and higher soil pH (Figure 5.6) could result 

in reduced uptake of N that in turn led to reduced chlorophyll production (Graciano et al., 

2006). Contrary to our results, Kalcíkov et al. (2017) and Boots et al. (2019) found no 

significant impact on the chlorophyll content among microplastic treatments. Kalcíkov et al. 

(2017) conducted the experiment on the freshwater plant duckweed (Lemna minor) and 

different finding was probably due to large variation in the physiology of duckweed and 

ryegrass. Duckweed plant has a specialised root system which tends to lengthen when the 

plants are deficient in nutrients (Landesman et al., 2002). The extended root systems help to 

uptake nutrients from the water. Although Boots et al. (2019) found that the contents of 

chlorophyll a and b did not significantly differ between any microplastic treatments, 

chlorophyll-a/ chlorophyll-b ratio was significantly different between the treatments, which 

was probably due to the reduction in the availability of nutrients (Mg and N) which had 

cascading effects on the photosynthetic capacity as measured by chlorophyll. Nevertheless, 

Boots et al. (2019) did not study nutrient contents in their study. It is possible that high organic 

matter content (approximately 19 %) of the soil used in Boot’s study provided N for 

chlorophyll synthesis.  
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High microplastic treatments had lower values of effective (ECEC) and total cation exchange 

capacities (TCEC) as shown in Figure 5.8 and 5.9. ECEC is positively correlated with 

exchangeable cations, pH (Weil and Brady, 2016) and soil C content (Fang et al., 2017). 

Reductions in exchangeable cations (Figure 5.7) was explained by the lower CEC values 

(Figure 5.8 for ECEC; Figure 5.9 for TCEC). Additionally, exchangeable cations form 

organo-metal complexes where cations (acted as metals) and organic compounds are bound 

together, which causes physical protection of soil organic matter (Kunhi Mouvenchery et al., 

2012). Physically protected soil organic matter (SOM) protects it from decomposition 

resulting in the reduced concentrations of plant available nutrients (Rasmussen et al., 

2018; Rowley et al., 2018). Reductions in the available nutrients ultimately decreased plant 

growth which was evident in our data (Table 5.4). Although we did not study the sorption of 

exchangeable cations, we have demonstrated sorption of P in our study (Chapter 3) and other 

studies (Holmes et al., 2012; Rochman et al., 2014; Hodson et al., 2017; Massos and Turner, 

2017; Lee et al., 2014) have shown sorption of other cations (Al, Cr, Mn, Fe, Co, Ni, Zn, Cd 

and Pb). Similar to our findings [Figure 5.7 (c and f), 5.7 (b and e), Table 5.4], Boots et al. 

(2019) also reported lower contents of exchangeable Mg and K that resulted in decreased 

plant growth. Boots et al. (2019) hypothesised that the decreases in exchangeable Mg and K 

was due to a decrease in aggregate stability leading to decreased growth of plants which was 

consistent with our study (Figure 5.17, Table 5.4). In contrast to our study and Boots’s study 

(2019), Wang et al. (2021) found no negative effect of microplastics on exchangeable cations. 

High soil temperature due to the use of plastic mulching would have induced higher rate of 

decomposition of soil organic matter leading to increased contents of K in soil solution (Wang 

et al., 2021). A part of K in soil solution could be adsorbed by the exchange sites leading to 

increased contents of exchangeable K. Differences in findings between our study (also Boot’s 

study) and Wang’s study could be due to the application of HDPE powder compared to plastic 

(polybutylene adipate terephthalate) mulching, the use of controlled laboratory condition in 

our study compared to in situ study, and the presence of ryegrass in our study compared to 

Caragana erinacea capable of surviving in extreme drought. One of the major findings of 

our study was that soil ECEC in presence of microplastics was declined despite of increased 

pH. Theoretically, increasing soil pH (decreasing the concentration of H+) increases variable 

charges on exchange sites that results in higher ECEC (Luo et al., 2015; Weil and Brady, 

2016), although this relationship between pH and ECEC is likely governed by the buffering 

capacity of soil, retention of cations (Jiang et al., 2018) and soil properties (Weil and Brady, 

2016). Low soil C together with low WEC (Figure 5.10, 5.11) could lead to a reduction in 

ECEC across high microplastic treatments since ECEC is positively related to soil C (Fang 

https://www.frontiersin.org/articles/10.3389/ffgc.2020.00098/full#B33
https://www.frontiersin.org/articles/10.3389/ffgc.2020.00098/full#B33
https://www.frontiersin.org/articles/10.3389/ffgc.2020.00098/full#B44
https://www.frontiersin.org/articles/10.3389/ffgc.2020.00098/full#B44
https://www.frontiersin.org/articles/10.3389/ffgc.2020.00098/full#B47
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et al., 2017). Soils with CEC (both ECEC and TCEC) values lower than 10.0 cmol(+)/ kg 

were not able to hold nutrient cations by electrostatic attraction (Cai and Ma, 1988) and 

consequently plants are likely to develop nutrient deficiencies which lead to decreased plant 

biomass. The low CEC of our high microplastic soils [control treatments had CEC values 

higher than 10.0 cmol(+)/ kg] resulting in low plant growth (Table 5.4) was due to the low 

availability of nutrients held on CEC sites is consistent with Cai and Ma’s study.  

 

Significantly lower concentrations of NH4
+ (Figure 5.13) and NO3

- (Figure 5.14) were found 

in the high microplastic treatments compared to the controls. No study till today was focused 

on the impacts of microplastics on the contents of NH4
+ and NO3

- present in the soil although 

studies by Liu et al. (2017) and Machado et al. (2019) reported positive impacts of 

microplastics addition on dissolved organic nitrogen (DON) and plant N respectively. 

Nevertheless, these studies are not consistent with our study due to differences in 

experimental design and plastic type. Liu et al. (2017) showed 28 % (w/ w) microplastic 

treatments stimulated the activity of phenoloxidase (PO) enzyme involved in the degradation 

of recalcitrant compounds (such as lignin) present in soil resulting in the decomposition of 

insoluble/ poorly dissolved high molecular weight compounds into easily dissolved low-

molecular-weight compounds and thus increased the accumulation of dissolved organic 

matter (DOM). The DOM led to the release of dissolved organic nitrogen (DON) into the soil 

solution (Liu et al., 2017). Different trends in our study compared to Liu’s (2017) and 

Machado’s (2019) studies could be due to the use of a more fertile soil, presumably such that 

N wasn’t limiting and/ or there was a large reservoir of N to tap into or use of a nitrogen 

bearing plastic. The polyamide (PA) used in Machado’s (2019) study was composed of a 

long, multiple-unit molecules and the molecular chains are linked together by the amide 

groups. Amide group is characterised by a carbonyl group linked to a nitrogen atom (John et 

al., 2011). Machado et al. (2019) stated that nearly two-fold increase in leaf N content after 

the addition of PA since PA released N into the soil that could be taken up by the plants.  

 

We observed decreased concentrations of NH4
+ (Figure 5.13) and NO3

- (Figure 5.14) in our 

study which were probably due to the reductions in WHC of soil, oxygen levels, C content 

and changes in pH. WHC of soil, oxygen levels, C content and pH are responsible for the 

activities of ammonifying and nitrifying bacteria involved in ammonification and nitrification 

processes respectively which can affect nitrogen cycling (Bouwman et al., 2002). 

Ammonifying and nitrifying bacteria prefer moist soil with an adequate supply of air 

(Thangarajan et al., 2015; San Francisco et al., 2011) and sufficient quantities of C (nutrient 
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and energy source for the bacteria) (McDonald et al., 2008). When the bacteria are active 

enough, ammonifying bacteria breaks down the organic nitrogen and releases them back into 

the soil as NH4
+ (ammonification), and nitrifying bacteria oxidises NH4

+ to NO2
- and then to 

NO3
- (nitrification) (Thangarajan et al., 2015; San Francisco et al., 2011). In addition, 

availability of nitrogen substrate is another factor for the formation of NH4
+ and NO3

- through 

ammonification and nitrification respectively. Availability of N could be limited through the 

sorption/ fixation of N compounds. Microplastics are capable of adsorbing NH4
+ as evident 

by Li et al. (2021), although the experiment was conducted in a water body. Li et al. (2021) 

hypothesised that microplastics could strongly adsorb NH4
+ in soil also. However, no study 

was conducted till today on the impacts of microplastics on NO3
- adsorption. Relatively high 

microplastic treatments showed reductions in the water holding capacity of soil (Figure 5.16) 

and labile C (Figure 5.10, 5.11) that would have affected ammonifying and nitrifying bacteria 

resulting in the decreased concentrations of NH4
+ (Figure 5.13) and NO3

- (Figure 5.14). Soil 

with a low water holding capacity was more likely to be closer to saturation for a given water 

content and thus more likely to be oxygen limited (Weil and Brady, 2016) leading to 

decreased contents of NH4
+ and NO3

-. It is worth noted that contents of NO3
- in high 

microplastic treated soils were declined at the end of experimental periods (30 days for 

incubation; 45 days for greenhouse experiment) despite of increased pH. Under natural 

circumstances (without any microplastic addition), formation of NO3
- through nitrification is 

higher at increased pH (typically around 8.5; Sahrawat, 1996), although this seems to be 

highly dependent on properties of soil (depth and texture) and surrounding environment 

(temperature, light and humidity). Liu et al. (2017) observed that microplastic addition 

immediately contributed to the suppression of NO3
- but the effect was transient. The content 

of NH4
+ in natural soil is typically low; microplastic addition stimulated soil microbial 

activity which urged microbes to fiercely compete for the limited NH4
+, therefore limiting the 

nitrification process as described by Liu et al. (2017). Jones et al. (2004) mentioned that 

microplastics increased C-substrates that enables heterotrophic microbial growth (NH4
+ 

immobilization) dominating over autotrophic growth (NH4
+ oxidation), thus inhibiting the 

NO3
- accumulation.   

 

All the soil parameters (respiration rate, phosphatase enzyme activity, pH, exchangeable Na, 

K, Mg, Ca, Al, effective cation exchange capacity, total cation exchange capacity, water 

extractable C, Olsen P, NH4
+, NO3

-, P in pore water, soil water holding capacity as well as 

aggregate stability) and plant parameters (plant height, leaf chlorophyll content, shoot 

biomass, root biomass, root: shoot ratio and plant P) discussed above showed lack of 

https://www.tandfonline.com/doi/full/10.1080/00103620802004235


217 
 

differences between the control and 0.05 % HDPE treatments for both soil types. It seems 

most likely that these levels of HDPE were too low to have a detectable impact on those 

parameters. For most parameters, both low and high organic matter soils followed the same 

trend in response to the 5.0 % microplastic treatments. For a few parameters, high organic 

matter soils showed significant differences in both 0.5 % and 5.0 % treatments compared to 

controls which was probably due to the high content of organic matter, whereas low organic 

matter soils only showed differences between the controls and the 5.0 % treatments.  

 

Some of the parameters observed in our study are a function of organic matter content. For 

instance, WHC and aggregate stability is a function of organic matter content (Hillel, 1980; 

Hillel, 2008). High content of organic matter typically contributes to larger WHC (Boyle et 

al., 1997) and improves soil aggregation by binding soil particles together into aggregates 

(Hillel, 1980). In our study, it may be the case that the rate of reactions occurring within the 

soil has been controlled by the organic matter content to an extent. High organic matter would 

have magnified the rate of interaction between soil and microplastic, and microbial activity 

resulting in significant differences even in lower microplastic concentration (0.5 %). We have 

demonstrated higher level of P adsorption exhibited by the high organic matter soils relative 

to the low organic matter ones in our study (Chapter 3) and other study (Hodson et al., 2017) 

have shown higher Zn adsorption in high organic matter soils. Liang et al. (2021) observed 

that microplastic fibres had no effect on aggregate stability and enzyme activities in the soil 

without organic matter addition. In microplastic treated soils, aggregate stability and enzyme 

activities were significantly decreased in the presence of organic matter indicating that effects 

of microplastic fibres on soil aggregation and enzyme activities are organic matter dependent 

(Liang et al., 2021). However, Liang et al. (2021) could not explain the role of organic matter 

on decreased aggregate stability and enzyme activities in presence of microplastics. The 

impacts of microplastics on soil properties and plant growth thus not only depend on the 

concentration levels of microplastics, but also on the soil type.  
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5.5. Conclusion  
 

Soil and plant can come in contact with microplastics easily as the content of microplastics 

are increasing in the soil due to the continued application of biosolids as a fertilizer, plastic 

mulching and irrigation. This study examined how the microplastics impact on soil physico-

chemical properties and plant growth. The experiment was designed with four levels of 

microplastic treatments which is considered environmentally relevant for soils exposed to 

high human pressure and industrialisation. This study shows that although HDPE 

microplastic did not show any negative effects on soil and plant when applied at a small rate 

(0.05 %), application rate of 0.50 % and 5.00 % did cause negative responses related to 

general soil health and plant performance. Overall, this study revealed that HDPE 

microplastics led to significant reductions in the exchangeable Na, K, Mg, Ca, Al, CEC, Olsen 

P, pore water P, NH4
+, NO3

-, WHC, aggregate stability as well as increases in the soil pH, 

respiration rate and phosphatase enzyme activity. Reductions in the concentrations of 

exchangeable Na, K, Mg, Ca, Al, CEC, Olsen P, pore water P, NH4
+, NO3

- were more than a 

factor of 0.95 that could be accounted for by the dilution caused by the microplastic additions. 

Some changes (decreases/ increases) in soil parameters were consistent with decreased plant 

growth. Our findings were able to confirm that our data are consistent with plant growth being 

reduced due to the reduced P availability. However, we have not proved that in our present 

study. Reduction in available P could be due to the adsorption to microplastics (discussed in 

Chapter 3) or precipitation with exchangeable cations or simply due to the soil pH effect. A 

more detailed investigation into the soil properties and plant parameters would be required 

coupled with different doses of P fertilizers to cast further light on this (Chapter 6). High 

organic matter soils showed significant differences in both 0.5 % and 5.0 % treatments 

compared to controls which was probably due to the high content of organic matter, whereas 

low organic matter soils only showed differences between the controls and the 5.0 % 

treatments. It is possible that high content of organic matter magnified the interaction between 

soil and microplastics, and microbial activity. Our findings imply that pervasive microplastic 

impacts may have consequences for agroecosystems and terrestrial ecosystems. These 

impacts not only depend on the concentration levels of HDPE, but also on the soil type. Given 

the negative impacts of HDPE, there is a need to better understand whether those impacts are 

only temporary and how they change in the long term particularly in the field environment. 

Future studies should therefore focus on (a) quantifying HDPE in global terrestrial 

environments; and (b) determining HDPE effects in different environmental conditions, as 

different environmental conditions lead to different physico-chemical reactions and 
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biochemistry of HDPE, using different types and shapes of HDPE. Possible future studies 

will be discussed in the next chapter (Chapter 6) in order to comprehensively assess the 

environmental risk of HDPE microplastic pollution.
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Chapter 6 

 

 

General discussion and future research 

 

 

 

6.1. Introduction  
 

 

The primary aim of this thesis was to understand the interactions between microplastics, soils 

and plants, and to examine how the interactions directly/ indirectly influence soil properties 

and growth of plants. The present thesis shows the crucial benefits in integrating plant 

science, and rye grass (Lolium perenne) in particular. Laboratory and greenhouse pot 

experiments were carried out to answer the abovementioned research aim. The first laboratory 

experiment (Chapter 3) was carried out, before taking further steps, to verify our initial 

hypothesis mentioning the potential of microplastic to adsorb the essential plant nutrient, 

phosphate, which is required in large concentrations for the plants. In this experiment, we 

tested the potential of HDPE microplastic used extensively in industrial and packaging sectors 

to adsorb the phosphate that underpin many of the biochemical processes of plants (Chapter 

3). We used the pristine and UV weathered microplastics and also two different soils differing 

in organic matter content for the initial adsorption experiment. Once the potential of 

microplastics to adsorb phosphate was verified, we studied the effects of pH and 

concentration of the background electrolyte on the adsorption of phosphate to the surfaces of 

microplastics (Chapter 4). We observed different trends in the phosphate adsorption for the 

microplastics and soils with the changes in pH and concentration of the background 

electrolyte. For this, we used a range of pH (2 – 12) and concentrations of the background 

electrolyte (0 – 0.10 M). After that, we investigated the impacts of microplastic on soil 

properties and whether the impacts on soil properties were different in the presence of plants 

which microplastics interacted with (Chapter 5); then determined whether the interaction 

effects of microplastics, soils and plants were different for the different soil types and how 

did they change with different levels of microplastics (Chapter 5). An incubation experiment 

was conducted for a period of 30 days to determine the effects of microplastic on the soil 

biological (respiration rate and enzyme activity), chemical (soil pH, exchangeable cations, 

cation exchange capacity, cold and hot water extractable carbon, Olsen phosphorus, 

ammonium, nitrate and phosphorus in soil pore water) and physical (soil water holding 

capacity and water stable aggregates) properties using four different microplastic treatments 
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(0 %, 0.05 %, 0.50 % and 5.00 %) and two types of soil samples (low and high organic matter 

soils). The incubation experiment was followed by a greenhouse pot experiment using the 

incubated soils (similar doses of microplastics and same types of soils). We used a higher 

than environmentally relevant dose of microplastic (5.00 % w/ w) to establish possible 

microplastic effects in our study.   

 

 

6.2. Main findings  

 
 

The thesis made the following contributions: it has (1) examined for the first-time how 

microplastics adsorb phosphate ion which is one of the key nutrients for the soil fertility; (2) 

assessed the effects of pH and concentration of the background electrolyte on the adsorption 

of phosphate; and (3) explored how microplastics affect the soils and plants. The key outputs 

are: (1) determination of the potential of microplastic to adsorb the phosphate; (2) 

determination of the difference in the phosphate adsorption between the microplastic and soil; 

(3) determination of the desorption from the microplastic and soil; (4) determination of the 

adsorption of phosphate on the microplastic with varying ranges of pH and different 

concentrations of the background electrolyte; (5) determination of the adsorption of 

phosphate on the microplastic with the combined effects of pH and concentration of the 

background electrolyte; (6) measurement of the soil physico-chemical and biological 

properties in the incubation experiment with different doses of microplastic; (7) measurement 

of the soil physico-chemical and biological properties in the greenhouse pot experiment with 

different doses of microplastic; (8) estimation of the plant growth in response to varying doses 

of microplastic treatments.  

 

In the first laboratory experiment (Chapter 3), commercial grade high-density polyethylene 

(HDPE) microplastic powder was purchased from a Chinese company in order to determine 

the potential of the microplastic for the adsorption of phosphate in the soil. Weathered 

microplastic (WMP) was obtained by treating the pristine microplastic (PMP) with an 

artificial UV light having a wavelength of 185 and 365 nm. The UV light with 365 nm 

wavelength was not able to weather the microplastic and thus it was not used further in the 

kinetic and adsorption experiments. The kinetic experiment was carried out to establish the 

time to equilibrium prior to running the full adsorption experiment. Post hoc Tukey test 

confirmed the time at which the microplastics and soils reached the steady state. For the 

convenience of our study, we performed the adsorption experiments for 24 hours. Linear and 
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non-linear models (Langmuir and Freundlich) were used to fit the adsorption isotherms of 

phosphorus. Linear, Langmuir and Freundlich isotherms were used to determine the partition 

coefficient (Kd), maximum adsorption capacity (CSM) and heterogeneity factor (1/ n) 

respectively. Our results showed the potential for the microplastic to adsorb phosphate. HDPE 

microplastic used in the study was polar (developing charge at the pH value above and below 

the point of zero charge, PZC) and the phosphate was also charged indicating that the 

adsorption of PO4
3- (Chapter 3, Figure 3.4, Figure 3.5) was either by specific adsorption or 

through hydrogen bonding / Van der Waals forces. The Kd, CSM, and 1/ n for the PMP were 

similar to those reported for the HDPE particles in the existing literatures (Table 3.3, Table 

3.4). Higher value of 1/ n for the WMP compared to that of the PMP (Chapter 3, Table 3.4) 

was related to the increased polarity due to the presence of C = O functional groups into the 

polymer structure. Our data showed that the phosphate adsorption was significantly higher 

with the WMP compared to that of the PMP. Values of Kd, CSM and 1/ n of both the PMP and 

WMP were significantly lower compared to the values of soils. Comparatively higher 

adsorption of PO4
3- on the soil could result from the stronger electrostatic attraction between 

the charged surfaces of the soil and negatively charged PO4
3- ion. Our results suggested that 

the microplastics are less likely than the iron oxides to control the fate and behaviour of 

phosphate in the soil. Regression analysis was done on the percentage of desorption to detect 

whether there were different regression results for the different solids. Our data indicated that 

the desorption of phosphate from the microplastic and soil was quite low compared to the 

phosphate adsorption, and desorption isotherms did not coincide with the adsorption (Chapter 

3, Figure 3.6). Values of the Hysteresis Index (HI) were greater for the PMP and WMP 

compared to the soils indicating that the adsorbed phosphate in both microplastics showed 

high persistence and was difficult to release back into the solution. 

 

The experiments on the pH and concentration of the background electrolyte (Chapter 4) were 

carried out to clarify contradictory literature findings about the impacts of the pH and 

background electrolyte concentration on phosphate adsorption to the microplastic. 

Adsorption experiments were conducted using 0.2 to 200.0 mg/ L phosphorus solution with 

the solids and solid-free control treatments (with different ranges of pH and background 

matrices of varying concentrations of electrolyte) at each concentration. Three-way ANOVA 

tests indicated that the Kd, CSM and log Kf values varied significantly (p < 0.05) with the solid 

type, pH and concentration of the background electrolyte. Interactions of these three factors 

were also significant (p < 0.05). However, interactions between the pH and concentration of 

the background electrolyte were not significant (p > 0.05). The experiments showed that the 
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Kd and CSM for the microplastic and soil were decreased with the increasing pH and with the 

reduced concentration of the background electrolyte. However, log Kf showed different trends 

with the increasing pH and with the reducing background electrolyte concentration. The log 

Kf values for the microplastics increased with the increasing pH and with the increased 

concentration of the background electrolyte (Chapter 4, Figure 4.3). The log Kf values for the 

soils decreased with the increasing pH and with the increasing concentration of the 

background electrolyte (Chapter 4, Figure 4.3). Three-way ANOVA tests revealed that the 

weathered microplastic (WMP) had higher Kd than the pristine microplastic (PMP), and the 

high organic matter soil (S2) had higher Kd compared to the low organic matter soil (S1). 

There were no significant (p > 0.05) differences in Kd for the mixture of low organic matter 

soil and pristine microplastic (S1 + PMP) compared to that of the mixture of low organic 

matter soil and weathered microplastic (S1 + WMP). Likewise, no significant (p > 0.05) 

differences were observed in Kd for the mixture of high organic matter soil and pristine 

microplastic (S2 + PMP) compared to that of the mixture of high organic matter soil and 

weathered microplastic (S2 + WMP). Similar findings were found for the CSM and log Kf. For 

the Kd and CSM, values of pH were significantly (p < 0.05) decreased from the pH 2 to 5, from 

pH 5 to pH 7, from pH 7 to pH 9, and from the pH 9 to pH 12. Regarding the log Kf, pH 

values were significantly (p < 0.05) decreased from the pH 2 to 5, from pH 5 to pH 7, from 

pH 7 to pH 9, whilst no significant (p > 0.05) differences were found between the pH 9 and 

pH 12. Across the concentration of background electrolyte, there were no significant (p > 

0.05) differences between the 0 and 0.01 M for the Kd, CSM and log Kf. The results suggested 

that the pH and concentration of the background electrolyte are likely to exert significant 

impacts on the adsorption of phosphate to the microplastic in the soil, and could have role to 

play in influencing the soil properties and plant growth. In Chapters 3 and 4, the soil with 

higher organic matter content had higher phosphate adsorption on the microplastic compared 

to the soil with lower organic matter content.  

 

The incubation and greenhouse experiments were carried out to better understand the impact 

of microplastic on the soil properties using a range of environmentally relevant to higher than 

environmentally relevant concentration of microplastic, whilst considering the relative effects 

of plants (Chapter 5). The incubation experiment was conducted in a controlled temperature 

room (temperature 25 °C, relative humidity 80 %) for a period of 30 days following a 

randomized block design with four groups of microplastic treatments (0, 0.05, 0.50 and 5.00 

% w/ w), four replications and two types of soils. The incubation experiment was then 

followed by a greenhouse pot experiment (day/ night temperature was 20 °C/ 15 °C, relative 
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humidity 30 to 85 %) with the ryegrass (Lolium perenne) for seven weeks. Our data showed 

that although microplastic did not show any negative effects on soil and plant when applied 

at a small rate (0.05 %), application rate of 0.50 % and 5.00 % did cause negative responses 

for the soils and plants. For all parameters of the soil and plant, there were no significant (p 

> 0.05) differences between the control and 0.05 % treatments. The soil parameters viz., 

respiration rate, phosphatase enzyme activity and soil pH had higher values in the higher 

microplastic treatments than in the controls and 0.05 % treatments (Chapter 5, Figure 5.4 – 

5.6). However, exchangeable cations (Na, K, Mg, Ca and Al), effective cation exchange 

capacity (ECEC), total cation exchange capacity (TCEC), cold (CWEC) and hot water 

extractable carbon (HWEC), Olsen P, pore water P, NH4
+, NO3

-, water holding capacity 

(WHC) and aggregate stability were decreased with the higher microplastic treatments 

compared to the controls and 0.05 % treatments (Chapter 5, Figure 5.7 – 5.17). The plant 

parameters viz., plant height, chlorophyll content, shoot biomass, root biomass, root: shoot 

ratio and plant P were decreased with the higher microplastic treatments than the controls and 

0.05 % treatments (Chapter 5, Table 5.4). Reductions in some soil parameters (exchangeable 

cations, ECEC, TCEC, CWEC, HWEC, Olsen P, pore water P, NH4
+ and NO3

-) were more 

than a factor of 0.95 in spite of the dilution caused by the microplastic additions. Our findings 

imply that pervasive microplastic impacts may have consequences for agroecosystems and 

terrestrial ecosystems. These impacts not only depend on the concentration levels of HDPE, 

but also on the soil type. 

 

Our findings showed that comparatively higher level of phosphate adsorption was exhibited 

by the high organic matter soil than the low organic matter soil. At a specific pH and 

concentration of the background electrolyte, the partition coefficient and maximum 

phosphate adsorption capacity for the high organic matter soils were greater than the low 

organic matter ones. Our incubation and greenhouse data (Chapter 5) suggested that the high 

organic matter soils showed significant (p < 0.05) differences in the soil and plant parameters 

with both 0.5 % and 5.0 % treatments whereas low organic matter soils only showed 

differences in the 5.0 % treatments. It is possible that high content of organic matter magnified 

the interaction between the soil and microplastic, and also microbial activity. Thus, our 

findings suggested that the soils with high organic matter content were more likely (compared 

to the low organic matter soil) to be impacted by the microplastic present in the soil that could 

affect the soil properties leading to a reduction in plant growth.  
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Overall, we observed that microplastic has the potentiality to adsorb the phosphate and plant 

growth was reduced due to the limitations in available phosphate. Limitation in available 

phosphate was possibly due to the phosphate adsorption to the microplastic surface. However, 

adsorption might not be the dominant process in our study. Phosphate could be precipitated 

with soil particles also. We measured other soil properties that might be responsible for the 

reduced growth of plant rather than the adsorption/ precipitation of phosphate.  

 

 

6.3. Research limitations 
 

While the experiments described in Chapters 3, 4 and 5 each addressed some aspects of the 

questions posed at the end of literature review, there were limitations to each experiment. 

Across the whole thesis, perhaps the key limitation of all the experiments was the small-scale 

laboratory experiments. While these allowed controls of many environmental factors 

(temperature, precipitation, relative humidity and lighting), they did not necessarily represent 

what may occur in the soils and plants in presence of microplastics in the field.  

 

In all experiments we used raw (free from any kind of contaminant) HDPE microplastic 

which was directly purchased from an industry. Typically this raw microplastic is stronger 

and more durable when compared to the highly processed microplastic (Schyns and Shaver, 

2021). During the processing of microplastic for various purposes, the quality and durability 

decreases every time as the long chains of atoms get broken down and shortened (Schyns and 

Shaver, 2021). The microplastic used in our experiments did not represent the field 

microplastic. Our experiments could be better if we could collect soil samples from the field, 

extract the microplastics and then use them in our experiments. At the initial stage of our 

experiments, we tried to break down the plastic bottles using the liquid nitrogen to obtain the 

microplastics. However, we were not able do that. It could be overcome if we left the 

microplastic and the liquid nitrogen for longer periods of time. We did not wait for the 

microplastic to degrade using the liquid nitrogen due to our time limitations.  

 

In the Chapters 3, 4 and 5, we measured the total phosphate concentration. Reduction in 

available phosphate could be due to the adsorption and/ or precipitation of phosphate. We 

were not able to differentiate the adsorption/ precipitation of phosphate in our present study. 

We could observe the adsorption of phosphate with the batch experiments (using a range of 
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phosphate concentrations) whilst we could observe the phosphate precipitation using the 

microscopy/ spectroscopy techniques.  

 

In Chapter 5, we investigated the impacts of pristine microplastic (PMP) on the soil properties 

and growth of plants. However, this was not our planned experimental design. Our initial plan 

was to compare the impacts of both pristine (PMP) and weathered microplastics (WMP) on 

the soils and plants. We were not able to conduct the experiment with the WMP since we did 

not have sufficient WMP. We used the UV lamp with 185 nm wavelength (ozone producing) 

to obtain the WMP, but this lamp was only capable of weathering small amounts of 

microplastic (approximately 10 g). The attempt to make a UV exposure box to degrade about 

180 g microplastics (required for the total 32 treatments) was not successful due to the Covid 

pandemic. Our order of the UV box was cancelled since the laboratories were closed down. 

In our experiments, only 185 nm wavelength UV light was able to weather the microplastics 

whilst the UV light with 365 nm wavelength was not able to weather the microplastics 

(Chapter 3, Section 3.2.2). The reason could be due to the absence of ozone in the 365 nm 

wavelength or it could be due to the insufficient exposure time to the microplastic. Ozone has 

high reactivity and every ozone molecules react with a chain of plastic molecules leading to 

the breakdown of the chain (Niijjaawan and Niijjaawan, 2010). Our experiments also only 

considered grass (ryegrass, Lolium perenne). While this plant was chosen for a number of 

reasons, such as availability of its seeds, fast growing and capable of providing high yields 

and quality forage, it is not a plant that a farmer willingly grows in the agricultural soils. The 

ryegrass is mainly used for the silage, hay and grazing. This limitation could be overcome if 

we planted any agricultural crop (e.g. wheat, cabbage, etc.) typically grows in agricultural 

soils. Our findings in Chapter 5 were able to confirm that our data are consistent with the 

plant growth being reduced due to the reduced phosphate availability. However, we have not 

proved that in our present study. Reduction in available phosphate could be due to the 

adsorption/ precipitation of phosphate/ simply due to the soil pH effect.  

 

Initially we had planned to conduct field work in which the soil samples were collected from 

different locations across the UK. Our plan was to extract the microplastics from the soils, 

determine the type, shape, size of the microplastics and finally determine the concentrations 

of microplastics in the soils. We were not able to conduct the field work due to the Covid 

restrictions.

https://www.sciencedirect.com/science/article/pii/B9780857090003500015#!
https://www.sciencedirect.com/science/article/pii/B9780857090003500015#!
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6.4. Future researches  
 

There is the potential for further work derived from each of the experimental chapters.  

 

Section 3.5 (Chapter 3) discussed the need for future work investigating a wider range of 

plant nutrients particularly essential nutrients, such as nitrogen, potassium, sulphur, which 

are required by the plants in large concentrations to find out if similar adsorptions (similar to 

phosphate) occur on the microplastic surface, and for further investigations into the effects of 

nutrient adsorptions in the microplastic contaminated soils. Future work could involve 

adsorption experiments for different nutrient ions (cations/ anions) to examine ion specific 

adsorptions to a wider range of plastic feedstocks with potentially different molecular 

compositions, surface chemistries, sorption characteristics and presence of additives. Particle 

size is an important factor for the adsorption process (Muller, 2010) and previous works 

related to the microplastic observed that different sizes of microplastics had different 

adsorption patterns for the metals and organic molecules. Phosphate adsorption on the 

smaller/ bigger microplastic particles than those investigated in the present study (diameter 

approximately 238.11 µm) warrants further investigation. Further studies could use potential 

technologies to prove/ disprove the existing hypotheses on microplastics. For example, 

microplastics with larger specific surface areas and pore volumes accumulate more 

adsorbates (Zhou et al., 2020). Rate of adsorption of the adsorbates by the microplastics 

decrease by increasing the grade of the crystallinity (Mato et al., 2001; Karapanagioti et al., 

2008). Surface morphology of the microplastic using the scanning electron microscope 

(SEM), specific surface area, pore volume and pore size using the surface area analyser 

(SAA) and crystallinity using the X-ray diffractometer (XRD) could be determined which 

will provide useful insights on the properties of microplastic and microplastic-nutrient 

interaction.  

 

Although not done in Chapter 4, future experiments could study the impacts of the pH and 

concentration of the background electrolyte on the desorption of phosphate from the 

microplastic that will help to determine whether the microplastic could release previously 

adsorbed PO4
3- and to compare the release rates with those from the soil. This information 

will help to better understand the fate and behaviour of PO4
3- in presence of the microplastic 

in the soil. Since both the pH and concentration of the background electrolyte change over 

time, there is a need to better understand whether those impacts are only temporary and how 

they change in the long term. Future studies on the impacts of pH and background electrolyte 
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concentration in different environmental conditions such as acid soil, calcareous soil, etc, 

would be required coupled with the possible phosphate adsorption mechanisms, which will 

help to manage the soil phosphate level leading to a better plant growth.  

 

Section 5.5 (Chapter 5) discussed the need for a more detailed investigation into the soil 

properties and plant parameters coupled with different doses of phosphate fertilisers. This is 

important to understand whether the reduced phosphate concentration is due to the adsorption 

or precipitation of phosphate to the microplastics or simply due to the soil pH effect. A wide 

range of soils differing in clay content, moisture percentage and nutrient concentrations may 

show different impacts on phosphate adsorption to the microplastic such that the impact of 

soil type warrants further investigation. Existing literatures quantified microplastics in the 

global terrestrial environments. However, as far as the author is aware there is no 

quantification of the HDPE microplastic in the terrestrial environments. Future studies should 

focus on quantifying the HDPE microplastic in the terrestrial environments particularly in the 

agricultural soils. Most studies until today related to the impacts of microplastics have 

performed separately for soil – plant (Anderson et al., 2018a; Anderson et al., 2018b; Yu et 

al., 2022; Qi et al., 2018; Zhang et al., 2015; Machado et al., 2019) and soil – soil organisms 

(Rodriguez-Seijo et al., 2017; Huerta Lwanga et al., 2016; Huerta Lwanga et al., 2017; 

Hodson et al., 2017; Rillig  et al., 2017), studying their interaction remains to be done. 

Although not done in our experiments, further experiments should focus on the combination 

of soil, plant and soil organisms in a single experiment to better mimic the field conditions. 

Section 5.3.1 and 5.4.1 (Chapter 5) discussed the changes in soil parameters due to the 

different levels of microplastic additions, of which some of the trends (decreases/ increases 

in soil parameters) were consistent with the reduced growth of plants. Decreases/ increases 

in all soil parameters together or a single parameter alone might be the reason for reduced 

growth of plant. Future studies should try to find out the reasons for the reductions in plant 

growth which will help to improve plant growth in the presence of microplastics. We could 

conduct a greenhouse experiment with fertilisation (e.g. phosphorus, nitrate, ammonium, 

potassium) or adding elemental sulphur/ sulfuric acid or treating the soils with appropriate 

measures. After that, we could compare the plant responses on treated and untreated soils. 

Fertilisation improves the soil nutrient levels for an optimum growth of plants. Elemental 

sulphur/ sulfuric acid is used to decrease the soil pH (Reeves and Leibig, 2016). Different 

measures are adopted for treating different soil problems, such as low water holding capacity 

of the soil is improved by adding organic matter/ manure/ compost (Sui et al., 2012).  

 

file://///userfs/tfk508/w2k/Desktop/format/format_2.docx%23page13
file://///userfs/tfk508/w2k/Desktop/format/format_2.docx%23page13
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The natural progression for future work from this thesis, beyond those discussed at the end 

of each chapter, would be field scale studies. These studies would aim to understand how the 

microplastic alters the soil and plant in the natural environment. This would help to better 

understand whether the plant resulting from the recovery of the changed (decreases/ 

increases) soil parameters differs from the plant grown in the untreated soils. When 

considering the thesis as a whole, future work is needed to consider the four elements together 

viz., microplastic, phosphate, soil and plant. Further work should examine the impacts of 

microplastic differing in size, shape and type on the plant differing in physiology and rooting 

strategy.  
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Appendix A 

 

 

Appendices of Chapter 3 
 

Figures  

 

 

 

Figure A1. HDPE microplastic diameter distributions (n = 300). 

 

 

 

Figure A2. FTIR spectrum of untreated HDPE reported in other studies (Lin et al., 2015; 

Maheswari et al., 2013). 

A
b

so
rb

an
ce

 (
%

) 

(%
) 

 



250 
 

 

 

Figure A3. Unweathered HDPE particles under microscope. Particles were scattered on a slide, 

flattened by over-laying a piece of glass and images captured with a Zeiss PlanNeoFluar 

Microscope at 33.5 magnification. Microplastic particles which were treated (four hours per day 

over a period of five months) with UV radiation having 365 nm wavelength looks like the 

unweathered HDPE particles.  

 

 

 

 

Figure A4. HDPE particles after exposure to the UV radiation with 185 nm wavelength under 

microscope. Particles showed a tendency to clump together. Particles were scattered on a slide, 

flattened by over-laying a piece of glass and images captured with a Zeiss PlanNeoFluar 

Microscope at 33.5 magnification. Particles were exposed to the UV radiation four hours per day 

over a period of five months.  

2 mm 
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A1. Basic operational principles of Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES)  

 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Thermo Scientific ICAP 

7000 Series, UK) typically derives its analytical data from the emission spectra of elements 

excited within a high-temperature plasma. The purpose of the ICP-OES is to separate element-

specific wavelengths of light emitted from the excited sample and to focus the resolved light onto 

the detector as efficiently as possible (Homazava et al., 2007; Thompson, 2011). The 

spectrometer provides comprehensive, virtually continuous wavelength coverage in the range of 

166.4 to 847.0 nm, allowing the option of alternate wavelength selection in the presence of 

spectral interferences. The echelle spectrometer (with 383 mm effective focal length, 9.5° UV 

fused silica cross dispersion prism and echelle grating) fitted with an autosampler and Thermo 

Scientific™ Qtegra™ Intelligent Scientific Data Solution™ (ISDS) software is comprised of two 

sections: the fore-optics and either a mono- or polychromator (Drava and Minganti, 2020; 

Cherevko and Mayrhofer, 2018). When the light exits the mono- or polychromator, it is focused 

on to the detector and the derived signals are processed to quantify the elemental composition. 

The polychromator is designed to enhance stability and extend analytical run times without the 

need for calibration. The high resolution echelle spectrometer increases accuracy by reducing 

spectral overlap and exceptional sensitivity is ensured by high transmission (Drava and Minganti, 

2020).  

 

A simplified diagram of ICP-OES is presented in Figure A5. Typically, a liquid sample is pumped 

by a peristaltic pump into the sample introduction system of the ICP-OES (Cherevko and 

Mayrhofer, 2018). The sample introduction system consists of a nebulizer and a spray chamber. 

In the nebulizer, argon gas flow is used to break the liquid–gas interface forming an aerosol 

(nebula). Within the spray chamber, the aerosol is separated by droplet size, allowing only a small 

part of the liquid to proceed further into the plasma. The latter is formed when argon gas is 

inserted into a strong electromagnetic field. Aerosol particles are consequently vapourized and 

ionized after transferring to the plasma (Cherevko and Mayrhofer, 2018).  

 

https://www.wob.com/en-gb/books/author/michael-thompson
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Figure A5. A simplified diagram showing the basic operational principles of Inductively Coupled 

Plasma Optical Emission Spectrometry (ICP-OES, Thermo Scientific ICAP 7000 Series, UK). 

The diagram was adapted from Cherevko and Mayrhofer (2018).  

 

The plasma is typically composed of argon gas, although nitrogen gas and mixed gas 

compositions have also been reported (Thompson, 2011). Generation of the plasma is performed 

in the plasma torch that consists of three quartz tubes: (a) outer torch tube, (b) auxiliary tube and 

(c) injector tube. Between the outer tube and the auxiliary tube, a tangential cool gas flow is 

introduced. This gas contains the plasma and keeps it away from the outer torch tube, protecting 

it from melting down. The auxiliary gas flow is used to elevate the bottom of the plasma from 

the injector tube. The sample aerosol is introduced into the plasma via a thin injector tube that 

typically has an aperture of 1 to 2 mm. Through this opening, a thin jet of sample aerosol is 

emitted and punches a hole into the centre of the plasma (Thompson, 2011).  

 

In the ICP-OES, the plasma can usually be observed in two ways: (a) radially (observation of the 

plasma cross-section from the side) and (b) axially (observation of the plasma from the end and 

along the entire length of the plasma). The radial plasma view offers less sensitivity than the axial 

view. The radial view is preferable when analyzing samples containing high amounts of dissolved 

solid matrices, as the plasma viewing position can be optimized to reduce background emissions 

https://www.wob.com/en-gb/books/author/michael-thompson
https://www.wob.com/en-gb/books/author/michael-thompson
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(Silva et al., 2003). The axially viewed plasma configuration offers greater sensitivity than the 

radial configuration, but has higher susceptibility to spectral interferences. As the entire plasma 

is viewed, the quantity of light observed from both analyte and background emissions are 

increased (Silva et al., 2003).  

 

The plasma has high electron density and temperature which is used for the excitation-emission 

of the sample (Klemm et al., 2011; Thompson, 2011). The plasma energy is given to an analysis 

sample from outside to excite the component atoms. ICP-OES possesses an excitation 

temperature of 5000 to 7000 K which efficiently excite elements. When the excited atoms return 

to low energy position, ions emit photons of characteristic wavelengths unique for each element. 

Emitted light containing numerous wavelengths is focused on a diffraction grating and prism, 

which are used to split and separate the spectra into its component wavelengths. Finally the 

concentration of certain elements in the initial liquid sample is measured by counting the emitted 

photons. For measuring the concentration of element, photomultipliers or photodetectors can be 

used. Currently, solid-state charge transfer devices (CTDs) are used as the detectors of the ICP-

OES. CTDs have almost completely replaced the photomultiplier tubes (Homazava et al., 2007).  

 

 

  

https://www.wob.com/en-gb/books/author/michael-thompson
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Tables  

 

Table A1. Quality control for chemical analyses of different solids for the kinetic, adsorption and 

desorption studies. Detection limits were calculated from the mean plus six times the standard 

deviation of ten repeated measurements of the blank standard. In-house certified reference 

material (CRM) was used having a concentration of 0.5 mg/L PO4-P (total) in water for 

determining accuracy. Precision was calculated from coefficient of variation (CV) determined 

from duplicate analysis of 10 % of the samples. Values were averaged when there were more 

than one instrumental runs. Instrument used for the analysis was ICP-OES (Thermo Scientific 

ICAP 7000 Series, UK). Accuracy and precision are expressed in percentage (%). Detection limit 

is expressed in mg/ L.  

 

Parameters Name of experiment Accuracy 

(%) 

Precision 

(%) 

Detection limit 

(mg/ L) 

Phosphorus Kinetic 98.19 0.78 0.07 

Phosphorus Adsorption 98.60 2.38 0.77 

Phosphorus Desorption 97.92 1.92 0.61 

*PMP = Pristine microplastic, WMP = weathered microplastic, S1 = low organic matter soil, S2 = high organic 

matter soil, S1 + PMP = low organic matter soil + pristine microplastic, S1 + WMP = low organic matter soil 

+ weathered microplastic, S2 + PMP = high organic matter soil + pristine microplastic, S2 + WMP = high 

organic matter soil + weathered microplastic.  
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Table A2. Time required for reaching steady state for different solids in the kinetic experiments. 

0.2 g solid was added to 30 ml of 5 mg/ L KH2PO4 solution in a background electrolyte of 0.1 M 

NaNO3. The samples were shaken at 180 rpm at 20 °C. Number of replications was three in all 

cases.  

 

Materials Time required to reach steady state 

(hours) 

PMP 24 

WMP 14 

S1 24 

S2 24 

S1 + PMP 24 

S1 + WMP 14 

S2 + PMP 24 

S2 + WMP 14 

*PMP = Pristine microplastic, WMP = weathered microplastic, S1 = low organic matter soil, S2 = high organic 

matter soil, S1 + PMP = low organic matter soil + pristine microplastic, S1 + WMP = low organic matter soil 

+ weathered microplastic, S2 + PMP = high organic matter soil + pristine microplastic, S2 + WMP = high 

organic matter soil + weathered microplastic.  
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Appendix B 

 

 

Appendices of Chapter 4 

 

Tables  

 

Table B1. Quality control for chemical analyses of different solids for the studies on the pH 

and concentration of the background electrolyte. Detection limits were calculated from the 

mean plus six times the standard deviation of ten repeated measurements of the blank 

standard. In-house certified reference material (CRM) was used having a concentration of 0.5 

mg/ L PO4-P (total) in water for determining accuracy. Precision was calculated from 

coefficient of variation (CV) determined from duplicate analysis of 10 % of the samples. 

Values were averaged when there were more than one instrumental runs. Instrument used for 

the analysis was ICP-OES (Thermo Scientific ICAP 7000 Series, UK). Accuracy and 

precision are expressed in percentage (%). Detection limit is expressed in mg/ L.  

 

Parameters Name of 

experiment 

Accuracy 

(%) 

Precision 

(%) 

Detection limit 

(mg/ L) 

Phosphorus pH 98.26 0.81 0.05 

Phosphorus Concentration of 

background 

electrolyte  

97.54 0.39 0.06 
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Table B2. Partition coefficient (Kd) values for phosphorus adsorption at different values of pH and different concentrations of background electrolyte. 

Mass of solid used is 0.2 g and volume of solution is 30 ml. Equilibrium time for the adsorption experiment is 24 hours. Values of pH range from 2 to 12 

and concentration of background electrolyte from 0 to 0.1 M NaNO3. Reported values are calculated from the linear regression of 30 values (n = 3 for 

each set of data). Kd is determined from the slope of linear regression (independent variable: phosphorus concentration present in the solution, Caq; 

dependent variable: phosphorus adsorbed to the solid, Cs). 95 % confidence interval is calculated which are shown in brackets. Upper and lower limit of 

confidence intervals are separated by comma (,). Unit of Kd is L/ kg for all solid types.  

 
pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

2 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Kd 146.18 

(138.93, 

153.41) 

184.56 

(179.18, 

190.60) 

350.10 

(345.42, 

354.02) 

374.81 

(370.82, 

379.82) 

313.87 

(309.19, 

318.19) 

326.88 

(323.26, 

330.46) 

337.92 

(332.84, 

343.64) 

357.64 

(352.81, 

363.81) 

R2 0.90 0.57 0.76 0.57 0.66 0.74 0.50 0.72 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

5 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Kd 117.44 

(113.47, 

121.87) 

165.38 

(161.87, 

169.07) 

284.39 

(280.52, 

287.52) 

326.98 

(321.05, 

332.85) 

258.18 

(253.19, 

263.19) 

259.19 

(248.32, 

269.72) 

298.39 

(291.42, 

305.42) 

295.32 

(286.09, 

304.09) 

R2 0.88 0.97 0.51 0.78 0.81 0.91 0.61 0.76 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

7 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Kd 88.89 

(84.98, 

93.78) 

131.72 

(127.36, 

136.76) 

267.88 

(264.76, 

270.76) 

293.04 

(286.16, 

299.16) 

228.735 

(223.36, 

233.96) 

225.13 

(217.04, 

232.04) 

248.39 

(241.02, 

255.22) 

264.03 

(250.39, 

278.39) 

R2 0.93 0.79 0.66 0.90 0.63 0.81 0.81 0.32 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B2 (continued). Partition coefficient (Kd) values for phosphorus adsorption at different values of pH and concentration of background electrolyte.  

 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

9 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Kd 52.21 

(48.66, 

56.06) 

94.79 

(88.11, 

100.91) 

245.19 

(239.99, 

250.43) 

269.25 

(264.71, 

273.51) 

289.51 

(280.01, 

298.21) 

292.18 

(283.74, 

300.34) 

246.95 

(239.44, 

254.64) 

248.24 

(240.65, 

256.05) 

R2 0.90 0.93 0.30 0.84 0.64 0.99 0.62 0.87 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

12 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Kd 18.47 

(15.79, 

21.39) 

87.07 

(82.46, 

91.66) 

196.42 

(190.39, 

202.45) 

234.85 

(232.15, 

237.55) 

188.60 

(179.04, 

197.84) 

192.28 

(181.57, 

202.97) 

257.50 

(250.67, 

264.67) 

258.68 

(250.29, 

266.49) 

R2 0.84 0.95 0.30 0.96 0.87 0.64 0.94 0.55 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

2 

 

 

NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Kd 162.47 

(157.79, 

167.39) 

193.07 

(187.46, 

198.66) 

369.10 

(365.42, 

372.02) 

392.81 

(389.82, 

396.82) 

315.60 

(310.04, 

320.84) 

328.28 

(323.57, 

332.97) 

343.50 

(337.67, 

349.67) 

360.68 

(349.29, 

371.49) 

R2 0.89 0.82 0.77 0.58 0.67 0.76 0.54 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B2 (continued). Partition coefficient (Kd) values for phosphorus adsorption at different values of pH and concentration of background electrolyte.  

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

5 NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Kd 121.47 

(116.79, 

126.39) 

166.07 

(162.46, 

169.66) 

303.12 

(297.03, 

308.66) 

346.19 

(341.29, 

350.47) 

258.60 

(251.04, 

265.84) 

231.28 

(214.57, 

248.97) 

300.50 

(292.67, 

308.67) 

294.68 

(288.29, 

301.49) 

R2 0.82 0.95 0.56 0.77 0.83 0.92 0.63 0.77 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

7 NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Kd 90.47 

(84.79, 

96.39) 

133.16 

(127.59, 

138.66) 

283.11 

(279.59, 

286.48) 

334.59 

(329.28, 

340.94) 

220.60 

(213.04, 

228.84) 

239.28 

(229.57, 

248.97) 

245.50 

(236.67, 

254.67) 

265.68 

(252.29, 

278.49) 

R2 0.91 0.78 0.67 0.88 0.71 0.83 0.82 0.46 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

9 NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Kd 50.4724 

(44.79, 

56.39) 

93.07 

(87.46, 

98.66) 

266.10 

(261.42, 

270.02) 

306.81 

(301.63, 

312.82) 

290.60 

(279.04, 

301.84) 

295.28 

(284.57, 

305.97) 

248.50 

(241.67, 

255.67) 

249.68 

(241.29, 

257.49) 

R2 0.86 0.91 0.31 0.86 0.65 0.96 0.66 0.89 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B2 (continued). Partition coefficient (Kd) values for phosphorus adsorption at different values of pH and concentration of background electrolyte.  

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

12 NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Kd 21.47 

(12.79, 

30.39) 

88.07 

(84.46, 

91.66) 

236.10 

(231.42, 

240.02) 

274.81 

(267.63, 

281.82) 

190.60 

(180.04, 

200.84) 

193.28 

(182.57, 

204.97) 

260.50 

(251.67, 

269.67) 

261.68 

(252.29, 

270.49) 

R2 0.85 0.92 0.55 0.94 0.88 0.65 0.93 0.53 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

2 NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Kd 195.47 

(191.79, 

199.39) 

227.07 

(223.46, 

230.66) 

394.10 

(390.42, 

398.02) 

417.81 

(413.82, 

422.82) 

342.60 

(338.04, 

346.84) 

339.28 

(334.57, 

343.97) 

365.50 

(359.67, 

371.67) 

410.68 

(403.29, 

418.49) 

R2 0.86 0.84 0.73 0.63 0.69 0.78 0.56 0.73 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

5 NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Kd 144.47 

(140.79, 

148.39) 

191.07 

(185.46, 

196.66) 

327.63 

(322.54, 

332.85) 

374.14 

(367.46, 

380.09) 

296.60 

(289.04, 

303.84) 

326.28 

(319.57, 

332.97) 

341.50 

(336.67, 

346.67) 

330.68 

(324.29, 

337.49) 

R2 0.83 0.94 0.57 0.79 0.89 0.94 0.68 0.73 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B2 (continued). Partition coefficient (Kd) values for phosphorus adsorption at different values of pH and concentration of background electrolyte.  

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

7 NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Kd 119.47 

(115.79, 

123.39) 

164.07 

(160.46, 

167.66) 

308.58 

(303.55, 

313.59) 

345.95 

(340.58, 

351.16) 

266.60 

(259.04, 

273.84) 

258.28 

(250.57, 

266.97) 

332.50 

(323.67, 

341.67) 

353.68 

(341.29, 

365.49) 

R2 0.92 0.79 0.67 0.89 0.76 0.85 0.84 0.59 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

9 NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Kd 85.47 

(79.79, 

91.39) 

129.07 

(120.46, 

137.66) 

286.10 

(281.42, 

290.02) 

323.81 

(319.82, 

327.82) 

258.60 

(250.04, 

266.84) 

262.28 

(255.57, 

269.97) 

314.50 

(305.67, 

323.67) 

310.68 

(298.29, 

322.49) 

R2 0.86 0.91 0.31 0.86 0.65 0.96 0.66 0.89 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

12 

 

 

NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Kd 62.47 

(59.79, 

65.39) 

113.07 

(107.46, 

118.66) 

263.10 

(257.42, 

268.02) 

294.81 

(289.82, 

299.82) 

228.60 

(221.04, 

235.84) 

219.28 

(212.57, 

226.97) 

307.50 

(299.67, 

315.67) 

288.68 

(277.29, 

299.49) 

R2 0.85 0.92 0.55 0.94 0.88 0.65 0.93 0.53 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

*PMP = Pristine microplastic, WMP = weathered microplastic, S1 = low organic matter soil, S2 = high organic matter soil, S1 + PMP = low organic matter soil + pristine 

microplastic, S1 + WMP = low organic matter soil + weathered microplastic, S2 + PMP = high organic matter soil + pristine microplastic, S2 + WMP = high organic 

matter soil + weathered microplastic. 
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Table B3. Langmuir adsorption isotherm parameters for phosphorus adsorption at different values of pH and different concentrations of background 

electrolyte. Mass of solid used is 0.2 g. Volume of solution is 30 ml. Equilibrium time for the adsorption experiment is 24 hours. Values of pH range from 

2 to 12 and concentration of background electrolyte from 0 to 0.1 M NaNO3. CSM and b are determined from the intercept (1/ CSM) and slope (1/ bCSM) of 

linear regression (independent variable: inverse of phosphorus concentration present in the solution, 1/ Caq; dependent variable: inverse of phosphorus 

adsorbed to the solid, 1/ Cs) respectively. 95 % confidence interval is calculated which are shown in brackets. Upper and lower limit of confidence intervals 

are separated by comma (,).   

 

 
pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

2 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CSM 

(mg/ kg) 

274.18 

(267.93, 

280.41) 

305.56 

(299.18, 

311.60) 

406.19 

(400.42, 

412.02) 

483.29 

(477.82, 

489.82) 

312.19 

(307.19, 

317.19) 

326.19 

(320.26, 

331.46) 

360.19 

(355.84, 

365.64) 

386.19 

(378.81, 

394.81) 

b 

(L/ mg) 

0.09 

(0.05, 

0.12) 

0.12 

(0.80, 

1.02) 

0.47 

(0.22, 

0.57) 

0.82 

(0.55, 

0.97) 

0.64 

(0.32, 

1.07) 

0.79 

(0.52, 

1.11) 

0.65 

(0.33, 

1.09) 

0.81 

(0.53, 

1.12) 

R2 0.66 0.67 0.78 0.69 0.76 0.74 0.75 0.72 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

5 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CSM 

(mg/ kg) 

260.33 

(254.47, 

266.87) 

265.38 

(260.87, 

270.07) 

386.16 

(380.52, 

391.52) 

447.36 

(442.05, 

452.85) 

294.16 

(289.19, 

299.19) 

275.55 

(270.32, 

280.72) 

336.16 

(331.42, 

341.42) 

354.16 

(347.09, 

361.09) 

b 

(L/ mg) 

0.09 

(0.07, 

0.11) 

0.07 

(0.04, 

1.16) 

0.49 

(0.24, 

0.61) 

0.48 

(0.20, 

0.56) 

0.49 

(0.23, 

0.58) 

0.84 

(0.54, 

0.98) 

0.49 

(0.21, 

0.59) 

0.86 

(0.58, 

0.99) 

R2 0.66 0.67 0.71 0.78 0.61 0.62 0.91 0.86 

p < 0.05 < 0.05 < 0.05 > 0.05 < 0.05 < 0.05 < 0.05 > 0.05 
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Table B3 (continued). Langmuir adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

7 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CSM 

(mg/ kg) 

245.89 

(241.98, 

250.78) 

243.72 

(239.36, 

248.76) 

357.19 

(351.76, 

362.76) 

428.39 

(422.16, 

434.16) 

267.19 

(262.36, 

272.96) 

260.89 

(255.04, 

266.04) 

307.19 

(302.02, 

312.22) 

327.19 

(321.39, 

333.39) 

b 

(L/ mg) 

1.36 

(1.05, 

1.52) 

1.29 

(1.05, 

1.42) 

0.56 

(0.29, 

0.74) 

0.61 

(0.46, 

0.86) 

0.81 

(0.57, 

1.34) 

0.83 

(0.59, 

1.36) 

0.84 

(0.61, 

1.38) 

0.82 

(0.58, 

1.35) 

R2 0.73 0.69 0.76 0.78 0.73 0.81 0.82 0.62 

p < 0.05 < 0.05 > 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

9 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CSM 

(mg/ kg) 

226.21 

(221.66, 

231.06) 

216.79 

(210.11, 

222.91) 

334.57 

(329.99, 

339.43) 

374.67 

(368.71, 

380.51) 

244.57 

(239.01, 

249.21) 

234.41 

(230.74, 

238.34) 

271.57 

(261.44, 

281.64) 

298.57 

(289.65, 

307.05) 

b 

(L/ mg) 

1.46 

(1.15, 

1.72) 

1.26 

(1.04, 

1.49) 

0.89 

(0.54, 

1.09) 

0.86 

(0.61, 

1.16) 

0.64 

(0.32, 

1.07) 

0.79 

(0.52, 

1.11) 

0.65 

(0.33, 

1.09) 

0.81 

(0.53, 

1.12) 

R2 0.62 0.63 0.67 0.74 0.74 0.88 0.82 0.87 

p < 0.05 < 0.05 < 0.05 > 0.05 < 0.05 < 0.05 > 0.05 < 0.05 
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Table B3 (continued). Langmuir adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

12 NaNO3 

Conc. 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CSM 

(mg/ 

kg) 

209.47 

(203.79, 

215.39) 

176.07 

(172.46, 

179.66) 

311.08 

(306.39, 

315.45) 

341.91 

(336.15, 

347.55) 

229.08 

(224.04, 

233.84) 

198.09 

(191.57, 

204.97) 

259.08 

(254.67, 

263.67) 

263.08 

(256.29, 

269.49) 

b 

(L/ 

mg) 

1.48 

(1.21, 

1.76) 

1.36 

(1.14, 

1.56) 

0.88 

(0.55, 

1.07) 

0.87 

(0.62, 

1.18) 

0.49 

(0.23, 

0.58) 

0.84 

(0.64, 

0.98) 

0.49 

(0.21, 

0.59) 

0.86 

(0.51, 

0.99) 

R2 0.74 0.65 0.71 0.96 0.87 0.74 0.94 0.75 

p > 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

2 

 

NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

CSM 

(mg/ 

kg) 

289.26 

(284.79, 

294.39) 

326.07 

(320.46, 

331.66) 

433.78 

(426.42, 

441.02) 

506.39 

(501.82, 

511.82) 

316.78 

(310.04, 

323.84) 

333.63 

(326.57, 

341.97) 

366.78 

(357.67, 

376.67) 

392.78 

(383.29, 

401.49) 

b 

(L/ 

mg) 

0.08 

(0.03, 

1.16) 

1.66 

(1.12, 

1.89) 

0.64 

(0.21, 

0.96) 

0.75 

(0.31, 

1.08) 

0.68 

(0.33, 

1.16) 

0.64 

(0.38, 

1.21) 

0.79 

(0.31, 

1.26) 

0.81 

(0.41, 

1.31) 

R2 0.69 0.62 0.67 0.68 0.68 0.76 0.74 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 > 0.05 < 0.05 < 0.05 < 0.05 
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Table B3 (continued). Langmuir adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

5 NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

CSM 

(mg/ kg) 

256.46 

(252.79, 

260.39) 

276.07 

(269.46, 

282.66) 

403.16 

(397.42, 

409.02) 

468.94 

(464.63, 

473.82) 

289.16 

(283.04, 

295.84) 

277.39 

(271.57, 

283.97) 

341.16 

(335.67, 

347.67) 

361.16 

(355.29, 

367.49) 

b 

(L/ mg) 

0.8 

(0.05, 

0.19) 

1.79 

(1.44, 

2.01) 

0.68 

(0.35, 

1.09) 

0.86 

(0.44, 

1.25) 

0.73 

(0.43, 

1.19) 

0.74 

(0.49, 

1.21) 

0.87 

(0.51, 

1.49) 

0.88 

(0.54, 

1.42) 

R2 0.66 0.74 0.71 0.86 0.74 0.96 0.76 0.89 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

7 NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

CSM 

(mg/ kg) 

247.47 

(241.79, 

253.39) 

245.16 

(239.46, 

250.66) 

364.19 

(358.42, 

369.02) 

449.59 

(445.63, 

454.82) 

272.19 

(266.04, 

277.84) 

263.39 

(257.57, 

269.97) 

312.19 

(305.67, 

318.67) 

342.19 

(335.29, 

349.49) 

b 

(L/ mg) 

1.09 

(0.50, 

1.12) 

1.59 

(1.25, 

1.82) 

0.67 

(0.36, 

1.11) 

0.88 

(0.46, 

1.23) 

0.49 

(0.23, 

0.68) 

0.84 

(0.64, 

0.98) 

0.49 

(0.21, 

0.59) 

0.86 

(0.51, 

0.99) 

R2 0.66 0.61 0.68 0.86 0.65 0.96 0.86 0.69 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B3 (continued). Langmuir adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

9 NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

CSM 

(mg/ kg) 

229.47 

(224.79, 

234.39) 

221.07 

(215.46, 

266.66) 

352.57 

(346.42, 

358.02) 

391.36 

(385.63, 

397.82) 

247.57 

(242.04, 

253.84) 

238.03 

(232.57, 

243.97) 

283.57 

(273.67, 

294.67) 

316.57 

(305.29, 

327.49) 

b 

(L/ mg) 

1.36 

(1.09, 

1.56) 

1.09 

(0.8,  

1.14) 

0.84 

(0.46, 

1.23) 

0.85 

(0.48, 

1.28) 

1.04 

(0.79,  

1.54) 

1.14 

(0.84,  

1.68) 

1.19 

(0.81,  

1.62) 

1.21 

(0.81, 

1.48) 

R2 0.66 0.61 0.71 0.86 0.73 0.94 0.77 0.88 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

12 

 

NaNO3 

Conc. 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

CSM 

(mg/ kg) 

211.47 

(206.79, 

216.39) 

183.07 

(178.46, 

187.66) 

329.08 

(323.42, 

334.02) 

359.46 

(353.63, 

365.82) 

237.08 

(231.04, 

242.84) 

209.36 

(203.57, 

215.97) 

262.08 

(253.67, 

270.67) 

276.08 

(267.29, 

284.49) 

b 

(L/ mg) 

1.29 

(0.80, 

1.46) 

1.57 

(1.24,  

1.72) 

0.74 

(0.36, 

1.41) 

0.88 

(0.46, 

1.39) 

1.24 

(0.86,  

1.64) 

1.16 

(0.87,  

1.63) 

1.22 

(0.83,  

1.64) 

1.19 

(0.79, 

1.49) 

R2 0.66 0.71 0.71 0.76 0.65 0.66 0.86 0.69 

 p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B3 (continued). Langmuir adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

2 

 

NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

CSM 

(mg/ kg) 

316.47 

(311.79, 

321.39) 

359.07 

(354.46, 

363.66) 

452.19 

(446.42, 

457.02) 

587.92 

(581.82, 

594.82) 

452.19 

(446.04, 

457.84) 

382.06 

(372.57, 

391.97) 

481.67 

(472.29, 

491.49) 

423.67 

(415.29, 

432.49) 

b 

(L/ mg) 

0.70 

(0.30, 

1.05) 

1.36 

(1.04, 1.72) 

0.76 

(0.38,  

1.46) 

0.78 

(0.41,  

1.49) 

1.25 

(0.87,  

1.63) 

1.04 

(0.79,  

1.54) 

1.14 

(0.84,  

1.68) 

1.19 

(0.79,  

1.49) 

R2 0.69 0.62 0.77 0.78 0.77 0.76 0.84 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

5 

 

NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

CSM 

(mg/ kg) 

288.47 

(284.79, 

292.39) 

326.07 

(322.42, 

329.02) 

416.16 

(409.87, 

422.45) 

561.37 

(556.82, 

566.82) 

416.16 

(409.04, 

422.84) 

367.16 

(350.57, 

383.97) 

466.78 

(453.29, 

480.49) 

394.68 

(383.29, 

405.49) 

b 

(L/ mg) 

1.59 

(1.25, 

1.84) 

1.38 

(1.12,  

1.75) 

0.91 

(0.68,  

1.26) 

0.89 

(0.61,  

1.32) 

1.24 

(0.92,  

1.74) 

1.25 

(0.94,  

1.79) 

1.32 

(1.01,  

1.82) 

1.21 

(0.81, 

1.48) 

R2 0.69 0.62 0.67 0.65 0.87 0.76 0.78 0.74 

p < 0.05 < 0.05 > 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B3 (continued). Langmuir adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

7 

 

NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

CSM 

(mg/ kg) 

273.47 

(268.79, 

278.39) 

304.07 

(299.46, 

308.66) 

377.29 

(372.42, 

382.02) 

529.18 

(524.82, 

534.82) 

377.29 

(372.04, 

382.84) 

348.79 

(336.57, 

360.97) 

439.29 

(431.67, 

447.67) 

416.29 

(409.29, 

423.49) 

b 

(L/ mg) 

1.61 

(1.47,  

1.82) 

1.41 

(1.19,  

1.82) 

1.29 

(0.90,  

1.42) 

1.46 

(1.09,  

1.82) 

1.25 

(0.87,  

1.63) 

1.04 

(0.79,  

1.54) 

1.14 

(0.84,  

1.68) 

1.19 

(0.79,  

1.49) 

R2 0.67 0.66 0.67 0.71 0.77 0.76 0.61 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

9 

 

NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

CSM 

(mg/ kg) 

246.47 

(240.79, 

252.39) 

281.07 

(275.46, 

287.66) 

366.78 

(362.42, 

370.02) 

486.75 

(481.82, 

491.82) 

366.78 

(362.04, 

370.84) 

307.46 

(293.57, 

321.97) 

406.78 

(400.67, 

412.67) 

386.78 

(380.29, 

393.49) 

b 

(L/ mg) 

1.59 

(1.35,  

1.78) 

1.59 

(1.24,  

1.86) 

1.28 

(1.02,  

1.46) 

1.26 

(1.09, 

1.87) 

1.04 

(0.79,  

1.54) 

1.14 

(0.84,  

1.68) 

1.19 

(0.81,  

1.62) 

1.21 

(0.81,  

1.48) 

R2 0.69 0.62 0.87 0.78 0.81 0.86 0.84 0.84 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B3 (continued). Langmuir adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

12 

 

NaNO3 

Conc. 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

CSM 

(mg/ kg) 

232.47 

(229.79, 

235.39) 

248.07 

(243.46, 

252.66) 

1.209 

(1.003, 

1.438) 

1.361 

(1.066, 

1.792) 

341.67 

(336.04, 

346.84) 

266.34 

(256.57, 

276.97) 

381.67 

(374.67, 

388.67) 

341.67 

(335.29, 

348.49) 

b 

(L/ mg) 

1.29 

(0.90, 

1.32) 

1.54 

(1.27, 

1.92) 

1.49 

(1.12,  

1.78) 

1.52 

(1.23, 

1.84) 

1.05 

(0.77, 

1.52) 

1.17 

(0.83, 

1.68) 

1.18 

(0.81, 

1.64) 

1.22 

(0.83, 

1.46) 

R2 0.66 0.61 0.67 0.68 0.87 0.86 0.74 0.76 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

*PMP = Pristine microplastic, WMP = weathered microplastic, S1 = low organic matter soil, S2 = high organic matter soil, S1 + PMP = low organic matter soil + pristine 

microplastic, S1 + WMP = low organic matter soil + weathered microplastic, S2 + PMP = high organic matter soil + pristine microplastic, S2 + WMP = high organic 

matter soil + weathered microplastic. Langmuir equation is expressed as 
𝐶𝑠

𝐶𝑎𝑞
=

bCSM

1 + 𝐶𝑎𝑞b
, where, Cs = amount of P adsorbed on solid (mg/ kg), Caq = concentration of P in 

equilibrium solution (mg/ L), CSM = maximum adsorption capacity (mg/ kg), b = binding constant (L/ mg). 
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Table B4. Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. Mass of solid 

used is 0.2 g. Volume of solution is 30 ml. Equilibrium time for the adsorption experiment is 24 hours. Values of pH range from 2 to 12 and concentration 

of background electrolyte from 0 to 0.1 M NaNO3. Log Kf and 1/ n are determined from the intercept and slope of linear regression (independent variable: 

log value of P concentration present in the solution, log Caq; dependent variable: log value of P adsorbed to the solid, log Cs) respectively. 95 % confidence 

interval is calculated which are shown in brackets. Upper and lower limit of confidence intervals are separated by comma (,).   

 

 
pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

2 Conc. of 

NaNO3 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

log Kf 1.94 

(1.44, 

2.32) 

2.23 

(2.13, 

2.26) 

6.74 

(6.51, 

6.93) 

7.37 

(7.18, 

7.52) 

2.89 

(2.64, 

3.02) 

2.18 

(1.89, 

2.31) 

3.93 

(2.62, 

4.17) 

3.97 

(3.68, 

4.26) 

1/ n 0.68 

(0.54, 

0.82) 

0.64 

(0.51, 

0.79) 

0.81 

(0.75, 

0.91) 

0.89 

(0.62, 

1.06) 

0.70 

(0.52, 

0.91) 

0.78 

(0.53, 

0.97) 

0.79 

(0.61, 

0.93) 

0.75 

(0.67, 

0.96) 

R2 0.95 0.94 0.94 0.91 0.89 0.94 0.85 0.81 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

5 Conc. of 

NaNO3 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

log Kf 1.59 

(1.19, 

2.19) 

2.48 

(2.11, 

2.81) 

6.35 

(6.21, 

6.43) 

6.86 

(6.72, 

7.05) 

2.88 

(2.63, 

3.02) 

2.16 

(1.91, 

2.32) 

3.93 

(2.62, 

4.17) 

3.96 

(3.67, 

4.27) 

1/ n 0.84 

(0.65, 

1.15) 

0.85 

(0.72, 

1.23) 

0.83 

(0.66, 

0.99) 

0.86 

(0.55, 

0.91) 

0.72 

(0.54, 

0.94) 

0.78 

(0.53, 

0.97) 

0.81 

(0.79, 

0.95) 

0.73 

(0.65, 

0.94) 

R2 0.88 0.97 0.31 0.78 0.81 0.91 0.61 0.76 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B4 (continued). Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

7 Conc. of 

NaNO3 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

log Kf 

 

1.64 

(1.41, 

1.91) 

2.48 

(2.11, 

2.81) 

5.97 

(5.81, 

6.13) 

6.41 

(6.28, 

6.52) 

2.92 

(2.64, 

3.03) 

2.19 

(1.89, 

2.32) 

3.94 

(2.65, 

4.18) 

3.97 

(3.68, 

4.26) 

1/ n 0.75 

(0.46, 

0.97) 

0.67 

(0.49, 

0.93) 

0.72 

(0.45, 

0.95) 

0.71 

(0.52, 

0.90) 

0.77 

(0.56, 

0.96) 

0.70 

(0.53, 

0.94) 

0.74 

(0.46, 

0.98) 

0.70 

(0.55, 

0.95) 

R2 0.93 0.79 0.66 0.90 0.63 0.81 0.81 0.32 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

9 Conc. of 

NaNO3 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

log Kf 

 

2.65 

(2.48, 

2.87) 

3.37 

(3.13, 

3.59) 

5.55 

(5.41, 

5.63) 

5.67 

(5.48, 

5.88) 

1.89 

(1.64, 

2.02) 

1.18 

(0.89, 

1.31) 

1.93 

(1.62, 

2.17) 

1.97 

(1.68, 

2.26) 

1/ n 0.77 

(0.61, 

0.84) 

0.84 

(0.76, 

1.14) 

0.75 

(0.56, 

0.95) 

0.93 

(0.79, 

1.13) 

0.69 

(0.48, 

0.86) 

0.87 

(0.73, 

1.11) 

0.79 

(0.58, 

0.83) 

0.87 

(0.72, 

1.13) 

R2 0.90 0.93 0.30 0.84 0.64 0.99 0.62 0.87 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B4 (continued). Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

12 Conc. of 

NaNO3 

(M) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

log Kf 

 

2.56 

(2.34, 

2.81) 

3.32 

(3.19, 

3.56) 

5.16 

(4.92, 

5.28) 

4.98 

(4.89, 

5.18) 

1.72 

(1.58, 

1.96) 

1.21 

(0.96, 

1.36) 

1.94 

(1.62, 

2.18) 

1.98 

(1.67, 

1.27) 

1/ n 0.73 

(0.64, 

0.89) 

0.74 

(0.59, 

1.03) 

0.86 

(0.67, 

1.14) 

0.85 

(0.56, 

1.21) 

0.78 

(0.63, 

0.91) 

0.83 

(0.65, 

1.16) 

0.94 

(0.76, 

1.04) 

0.95 

(0.77, 

1.18) 

R2 0.84 0.95 0.30 0.96 0.87 0.64 0.94 0.55 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

2 

 

 

Conc. of 

NaNO3 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

log Kf 

 

1.48 

(1.13, 

1.76) 

2.45 

(2.14, 

2.84) 

6.74 

(6.51, 

6.93) 

7.37 

(7.18, 

7.52) 

2.91 

(2.63, 

3.03) 

2.19 

(1.91, 

2.32) 

3.97 

(2.62, 

4.18) 

3.98 

(3.69, 

4.28) 

1/ n 0.64 

(0.51, 

0.79) 

0.68 

(0.54, 

0.82) 

0.89 

(0.62, 

1.06) 

0.81 

(0.75, 

0.91) 

0.79 

(0.61, 

0.93) 

0.70 

(0.52, 

0.91) 

0.78 

(0.53, 

0.97) 

0.75 

(0.67, 

0.96) 

R2 0.89 0.82 0.77 0.58 0.67 0.76 0.54 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B4 (continued). Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

5 Conc. of 

NaNO3 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

log Kf 

 

1.56 

(1.35, 

1.79) 

2.46 

(2.17,  

2.87) 

6.39 

(6.26,  

6.49) 

6.86 

(6.72, 

7.05) 

2.88 

(2.63,  

3.02) 

2.16 

(1.91,  

2.32) 

3.98 

(2.62,  

4.17) 

3.96 

(3.67,  

4.27) 

1/ n 0.74 

(0.59, 

1.03) 

0.73 

(0.64,  

0.89) 

0.85 

(0.56,  

1.21) 

0.86 

(0.67, 

1.14) 

0.83 

(0.65,  

1.16) 

0.94 

(0.76,  

1.04) 

0.78 

(0.63, 

0.91) 

0.83 

(0.65,  

1.16) 

R2 0.86 0.91 0.31 0.86 0.65 0.96 0.66 0.89 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

7 Conc. of 

NaNO3 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

log Kf 

 

1.59 

(1.31, 

1.82) 

2.45 

(2.14,  

2.84) 

5.91 

(5.76,  

6.10) 

6.40 

(6.26, 

6.51) 

2.92 

(2.64,  

3.03) 

2.01 

(1.89,  

2.32) 

3.84 

(2.65,  

4.18) 

3.94 

(3.68,  

4.26) 

1/ n 0.68 

(0.54, 

0.82) 

0.64 

(0.51,  

0.79) 

0.61 

(0.50,  

0.71) 

0.59 

(0.42, 

0.76) 

0.70 

(0.52,  

0.91) 

0.58 

(0.43,  

0.67) 

0.79 

(0.61,  

0.94) 

0.85 

(0.67,  

1.00) 

R2 0.86 0.91 0.31 0.86 0.65 0.96 0.66 0.89 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B4 (continued). Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

9 Conc. of 

NaNO3 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

log Kf 

 

3.15 

(2.96, 

3.36) 

 

3.57 

(3.26, 

3.89) 

5.55 

(5.41,  

5.63) 

5.68 

(5.47,  

5.87) 

1.89 

(1.64,  

2.02) 

1.00 

(0.89,  

1.31) 

1.90 

(1.62,  

2.17) 

1.92 

(1.68,  

2.26) 

1/ n 0.68 

(0.54, 

0.82) 

0.64 

(0.51,  

0.79) 

0.81 

(0.75,  

0.91) 

0.89 

(0.62,  

1.06) 

0.70 

(0.52,  

0.91) 

0.78 

(0.53,  

0.97) 

0.79 

(0.61,  

0.93) 

0.75 

(0.67,  

0.96) 

R2 0.86 0.91 0.31 0.86 0.65 0.96 0.66 0.89 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

12 

 

 

Conc. of 

NaNO3 

(M) 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

log Kf 

 

3.19 

(2.95, 

3.38) 

3.61 

(3.28,  

3.92) 

5.16 

(4.92,  

5.28) 

4.98 

(4.89,  

5.18) 

1.72 

(1.58,  

1.96) 

0.98 

(0.76,  

1.36) 

1.92 

(1.62,  

2.18) 

1.95 

(1.67,  

2.37) 

1/ n 0.63 

(0.51, 

0.80) 

0.66 

(0.54,  

0.82) 

0.91 

(0.76,  

1.31) 

0.93 

(0.69,  

1.39) 

0.73 

(0.54,  

0.93) 

0.76 

(0.51,  

0.96) 

0.78 

(0.62,  

0.91) 

0.74 

(0.65,  

0.93) 

R2 0.86 0.91 0.31 0.86 0.65 0.96 0.66 0.89 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B4 (continued). Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

2 

 

 

Conc. of 

NaNO3 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

log Kf 

 

4.37 

(4.06, 

4.63) 

6.17 

(5.96, 

6.46) 

4.16 

(3.92, 

4.38) 

2.92 

(2.72, 

3.12) 

2.28 

(2.18, 

2.46) 

2.29 

(2.17, 

2.47) 

2.32 

(2.21, 

2.49) 

2.23 

(2.13, 

2.44) 

1/ n 0.79 

(0.54, 

1.32) 

0.74 

(0.51, 

1.39) 

0.83 

(0.50, 

1.41) 

0.89 

(0.52, 

1.56) 

0.67 

(0.42, 

0.81) 

0.68 

(0.43, 

0.87) 

0.79 

(0.61, 

0.94) 

0.75 

(0.67, 

1.00) 

R2 0.89 0.82 0.77 0.58 0.67 0.76 0.54 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

5 

 

 

Conc. of 

NaNO3 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

log Kf 

 

4.47 

(4.16, 

4.71) 

6.21 

(5.98, 

6.51) 

3.66 

(3.52, 

3.78) 

2.37 

(2.26, 

2.52) 

1.16 

(1.08, 

2.36) 

1.31 

(1.19, 

2.46) 

1.31 

(2.19, 

2.46) 

1.24 

(2.15, 

2.45) 

1/ n 0.82 

(0.55, 

1.39) 

0.84 

(0.55, 

1.43) 

0.92 

(0.65, 

1.51) 

0.94 

(0.72, 

1.66) 

0.73 

(0.55, 

0.93) 

0.57 

(0.44, 

0.68) 

0.69 

(0.41, 

0.84) 

0.65 

(0.47, 

0.89) 

R2 0.89 0.82 0.77 0.58 0.67 0.76 0.54 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B4 (continued). Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

7 

 

 

Conc. of 

NaNO3 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

log Kf 

 

4.39 

(4.12, 

4.71) 

6.15 

(5.94, 

6.43) 

3.26 

(3.02, 

3.42) 

1.97 

(1.89, 

2.18) 

2.28 

(2.18, 

2.46) 

2.29 

(2.17, 

2.47) 

2.32 

(2.21, 

2.49) 

2.23 

(2.13, 

2.44) 

1/ n 0.76 

(0.51, 

1.30) 

0.75 

(0.50, 

1.40) 

0.84 

(0.50, 

1.42) 

0.91 

(0.53, 

1.58) 

0.68 

(0.43, 

0.87) 

0.75 

(0.67, 

1.00) 

0.79 

(0.61, 

0.94) 

0.67 

(0.42, 

0.81) 

R2 0.89 0.82 0.77 0.58 0.67 0.76 0.54 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

9 

 

 

Conc. of 

NaNO3 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

log Kf 

 

5.47 

(5.19, 

5.79) 

6.75 

(6.49, 

7.02) 

2.78 

(2.52, 

2.92) 

1.67 

(1.51, 

1.82) 

1.78 

(1.54, 

2.04) 

1.46 

(1.27, 

1.67) 

1.78 

(1.47, 

2.07) 

1.38 

(1.19, 

1.59) 

1/ n 0.68 

(0.54, 

0.82) 

0.64 

(0.51, 

0.79) 

0.81 

(0.50, 

1.31) 

0.89 

(0.42, 

1.36) 

0.75 

(0.56, 

0.94) 

0.77 

(0.53, 

0.98) 

0.78 

(0.63, 

0.92) 

0.75 

(0.67, 

0.95) 

R2 0.89 0.82 0.77 0.58 0.67 0.76 0.54 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
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Table B4 (continued). Freundlich adsorption isotherm parameters for phosphorus at different values of pH and concentration of background electrolyte. 

 

pH Value Solid types 

PMP WMP S1 S2 S1+PMP S1+WMP S2+PMP S2+WMP 

12 

 

 

Conc. of 

NaNO3 

(M) 

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

log Kf 

 

5.49 

(5.21, 

5.80) 

6.76 

(6.48, 

7.02) 

1.29 

(1.03, 

1.48) 

1.09 

(0.84, 

1.24) 

1.65 

(1.36, 

1.94) 

1.66 

(1.28, 

2.07) 

1.76 

(1.42, 

2.01) 

1.37 

(1.17, 

1.58) 

1/ n 0.68 

(0.54, 

0.82) 

0.64 

(0.51, 

0.79) 

0.93 

(0.50, 

1.57) 

0.92 

(0.42, 

1.56) 

0.73 

(0.54, 

0.93) 

0.76 

(0.51, 

0.96) 

0.78 

(0.62, 

0.91) 

0.74 

(0.65, 

0.93) 

R2 0.89 0.82 0.77 0.58 0.67 0.76 0.54 0.74 

p < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

*PMP = Pristine microplastic, WMP = weathered microplastic, S1 = low organic matter soil, S2 = high organic matter soil, S1 + PMP = low organic matter soil + pristine 

microplastic, S1 + WMP = low organic matter soil + weathered microplastic, S2 + PMP = high organic matter soil + pristine microplastic, S2 + WMP = high organic 

matter soil + weathered microplastic. Freundlich equation is expressed as 𝐶𝑠 = 𝐾𝑓𝐶𝑎𝑞
     1/𝑛

 where, Cs = amount of P adsorbed on solid (mg/ kg), Caq = concentration of P 

in equilibrium solution (mg/ L), log Kf = Freundlich constant, 1/ n = heterogeneity factor. 
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Appendix C 

 

 

Appendices of Chapter 5 

 
Tables 

 

Table C1. Chemical and physical properties of soils used in the study. Two types of soil 

samples were arable and flower bed soil. Units of the parameters are shown in parentheses. 

For all parameters, n = 5, ± standard deviation.  

 

Parameters Arable soil Flower bed soil 

Respiration rate (g CO2 g
-1 soil s-1) 2.1 × 10-9 ± 0.05 3.2 × 10-9 ± 0.09 

Phosphatase enzyme activity 

(µg of p-nitrophenol/ hr/ g of soil) 

16.0 ± 0.82 31.0 ± 0.61 

Soil pH 7.6 ± 0.13 7.1 ± 0.09 

Exchangeable Na (mg/ L) 3.4 ± 0.63 3.6 ± 0.63 

Exchangeable K (mg/ L) 4.1 ± 0.78 5.4 ± 0.57 

Exchangeable Mg (mg/ L) 9.5 ± 0.29 11.2 ± 0.38 

Exchangeable Ca (mg/ L) 10.0 ± 0.78 12.2 ± 0.78 

Exchangeable Al (mg/ L) 1.9 ± 0.78 2.4 ± 0.78 

Effective cation exchange capacity  

(cmol(+)/ kg) 

14.6 ± 0.93 17.8 ± 0.91 

Total cation exchange capacity  

(cmol(+)/ kg) 

15.6 ± 0.79 18.8 ± 0.36 

Cold water extractable carbon (mg/ L) 1.1 ± 0.09 2.6 ± 0.19 

Hot water extractable carbon (mg/ L) 12.2 ± 0.85 17.9 ± 0.94 

Organic matter content (%) 3.5 ± 0.11 4.6 ± 0.78 

Olsen phosphorus (mg/ L) 2.6 ± 0.03 5.1 ± 0.42 

Ammonium (mg/ L) 2.8 ± 0.79 3.1 ± 1.63 

Nitrate (mg/ L) 4.2 ± 1.64 7.9 ± 1.13 

Water holding capacity (g water g soil-1) 1.2 ± 0.12 2.4 ± 0.19 

water stable aggregates (%) 73.8 ± 0.17 81.6 ± 0.18 

Pore water P (mg/ L) 1.5 ± 0.14 1.9 ± 0.15 
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Table C2. Quality control for chemical analyses of soils amended with different levels of microplastics. Detection limits were calculated from the 

mean plus six times the standard deviation of ten repeated measurements of the blank standard. Precision was calculated from coefficient of 

variation (CV) determined from duplicate analysis of 10 % of the samples. Values were averaged when there were more than one instrumental 

runs. Values of accuracy and precision are expressed in percentage (%). Detection limit is expressed in mg/ L.  

 

Parameters Instrument 

used 

Certified Reference Material 

(CRM) 

Accuracy 

(%) 

Precision 

(%) 

Detection 

limit 

(mg/ L) 

Extractable Na ICP-OES In-house 0.5 mg/ L multi-element standard 91.04 6.07 0.01 

Extractable K ICP-OES In-house 0.5 mg/ L multi-element standard 120.74 2.12 0.01 

Extractable Mg ICP-OES In-house 0.5 mg/ L multi-element standard 116.51 1.50 0.03 

Extractable Ca ICP-OES In-house 0.5 mg/ L multi-element standard 105.15 0.09 0.15 

Extractable Al ICP-OES In-house 0.5 mg/ L multi-element standard 136.07 20.01 1.9 × 10-6 

Cold water extracted C 

(as dissolved organic C) 

TOC 

Analyser 

50.0 mg/ L TOC standard 101.90 2.16 0.01 

 

Hot water extracted C 

(as dissolved organic C) 

TOC 

Analyser 

50.0 mg/ L TOC standard 101.90 2.16 0.01 

 

Olsen P 

(as PO4
3—P) 

Autoanalyser 0.4 mg/ L PO4
3—P standard Not found due 

to matrix issue 

1.12 0.05 

Pore water P 

(as PO4
3—P) 

Autoanalyser 0.4 mg/ L PO4
3—P standard 100 1.96 0.08 

NH4
+ Autoanalyser 1.0 mg/ L ammonium standard 108.40 0.14 1.22 

NO3
- Autoanalyser 0.5 mgL-1 nitrate standard 90.05 2.23 0.24 

Plant P P-XRF NCS DC73349 ‘Bush Branches and Leaves’ 120 --- --- 
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