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ABSTRACT  10 

Microplastics (MPs) are present in all environments, and concerns over their possible detrimental 11 

effects on flora and fauna have arisen. Density separation (DS) is commonly used to separate MPs 12 

from soils to allow MP quantification; however, it frequently fails to extract high-density MPs 13 

sufficiently, resulting in under-estimation of MP abundances. In this proof-of-concept study, a novel 14 

three-stage extraction method was developed, involving high-gradient magnetic separation and 15 

removal of magnetic soil (Stage 1), magnetic tagging of MPs using surface modified iron nanoparticles 16 

(Stage 2), and high-gradient magnetic recovery of surface-modified MPs (Stage 3). The method was 17 

optimised for four different soil types (loam, high-carbon loamy sand, sandy loam and high-clay sandy 18 

loam) spiked with different MP types (polyethylene, polyethylene terephthalate, and 19 

polytetrafluoroethylene) of different particle sizes (63 µm to 2 mm) as well as polyethylene fibres (2-20 

4 mm). The optimised method achieved average recoveries of 96% for fibres and 92% for particles in 21 

loam, 91% for fibres and 87% for particles in high-carbon loamy sand, 96% for fibres and 89% for 22 

particles in sandy loam, and 97% for fibres and 94% for particles in high-clay sandy loam. These were 23 

significantly higher than recoveries achieved by DS, particularly for fibres and high-density MPs (p < 24 
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0.05). To demonstrate the practical application of the HGMS method, it was applied to a farm soil 25 

sample, and high-density MP particles were only recovered by HGMS. Furthermore, this study showed 26 

that HGMS can recover fibre-aggregate complexes. This improved extraction method will provide 27 

better estimates of MP quantities in future studies focused on monitoring the prevalence of MPs in 28 

soils. 29 

 30 
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 32 

1. INTRODUCTION 33 

 34 

1.1. Microplastic (MP) particles and fibres are emerging contaminants which are ubiquitous in the 35 

natural environment, found in all ecological niches including aquatic (Koelmans et al., 2019; 36 

Prata et al., 2019a) and terrestrial environments (Bläsing and Amelung, 2018). Consequently, 37 

MPs have been found within organisms (e.g. earthworms) (Chae and An, 2018; Prendergast-38 

Miller et al., 2019; Rodríguez-Seijo et al., 2018), where they have the potential to induce 39 

adverse effects such as disruption to endocrine systems (de Souza Machado et al., 2018a) 40 

and therefore, have been referred to as long-term anthropogenic terrestrial ecosystem 41 

stressors (de Souza Machado et al., 2018b). MPs have also been found within the human 42 

body, but current literature on the health consequences of this is limited (Prata et al., 2020; 43 

Yan et al., 2022). 44 

 45 

1.2. To accurately assess MP contamination, it is important to extract both high- and low-density 46 

MPs. This is a complicated task for soils as they are a complex solid matrix, with broad inter- 47 

and intra-sample density and particle size ranges (de Souza Machado et al., 2018a). 48 

Additionally, soils often contain high concentrations of organic material that form aggregates 49 
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around MPs making them difficult to extract (Bläsing and Amelung, 2018; Thomas et al., 2020; 50 

Zhang and Liu, 2018).  51 

 52 

1.3. There are several methods that can be employed to extract MPs from soil. Methods that do 53 

not rely on plastic density include electrostatic separation (Felsing et al., 2018; Enders et al., 54 

2020) and elutriation (Claessens et al., 2013), however, they have mainly been tested on 55 

sediments. Electrostatic separation achieved MP recoveries near 100% when applied to 56 

sediments (Felsing et al., 2018), however, MP recoveries were significantly reduced when the 57 

method was applied to mineral-rich soils (Enders et al., 2020). Moreover, there was great 58 

variability in recovery because it was dependent on MP particle size (Enders et al., 2020). 59 

Elutriation is extremely effective for MP removal in sediments (Claessens et al., 2013), 60 

however, Grause et al. (2022) reported that the method was not effective for MP extraction 61 

from soils due to the wider variability in particle size distributions within soils (Grause et al., 62 

2022). The method also requires large amounts of liquid to fill the column which is impractical 63 

if solutions of higher density than water are desired. Another technique which involves the 64 

circulation of salt solutions through an enclosed system containing soil has proven highly 65 

effective at recovering MPs (Liu et al., 2019).  66 

 67 

1.4. Density separation (DS) takes advantage of the difference in density between plastics and soil 68 

particles (Zhang et al., 2019), and is a simple method that has become the most common 69 

approach for MP extraction from soil. The density range of most plastics is relatively low at 70 

0.9-2.3 g/mL, while the density of most soil particles are higher, averaging around 2.6-2.7 71 

g/mL (Prata et al., 2020). DS uses high-density salt solutions such as zinc bromide to 72 

resuspend soil, allowing MPs to float while soil particles sink (Han et al., 2019; He at al., 2018; 73 

Liu et al., 2018; Masura et al., 2015; Scheurer and Bigalke, 2018; Zhang et al., 2018). While 74 
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this method has high recovery rates for low-density MPs (Han et al., 2019; Liu et al., 2018; 75 

Scheurer and Bigalke, 2018; Zhang et al., 2018), high-density MPs, such as 76 

polytetrafluoroethylene and polyvinyl chloride, are not easily recovered due to their densities 77 

being similar to bulk soil particles (Liu et al., 2018; Zhang et al., 2018). Moreover, DS suffers 78 

from co-extraction of organic matter (making enumeration difficult) (Hurley et al., 2018; 79 

Prata et al., 2019b; Wang et al., 2018), long sample processing times (Liu et al., 2018; Scheurer 80 

and Bigalke, 2018; Zhang et al., 2018), and issues surrounding the salt solutions’ 81 

environmental toxicity (Thomas et al., 2020). Since high-density MPs represent > 20% of the 82 

global plastic demand (Plastics Europe, 2019), it is important to extract these MPs to 83 

accurately determine the levels of terrestrial plastic pollution. 84 

 85 

1.5. Grbic et al. (2019) developed an alternative method to extract MPs involving magnetic 86 

separation using surface modified iron nanoparticles, extracting both high- and low-density 87 

MPs. Their proof-of-concept work involved the surface modification (hydrophobisation) of 88 

iron nanoparticles with hexadecyltrimethoxysilane to enable them to bind to MPs in 89 

environmental samples which were subsequently extracted using a neodymium magnet. 90 

Their work did not include testing the recovery of MPs from a terrestrial soil matrix. Instead, 91 

the method was tested using freshwater, seawater and sediment; however, MP recovery in 92 

the sediment was lower with this method compared to that achieved through DS (Grbic et 93 

al., 2019). Moreover, damage to the MPs due to removal from the magnet was observed. The 94 

principle of magnetic separation using iron nanoparticles was further studied by Shi et al. 95 

(2022) for MP removal in water samples, though no details of the type of magnetic extraction 96 

system were supplied, and particles were removed from a simple water matrix rather than 97 

sediment or soil.  98 

 99 
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1.6. A technique known as high-gradient magnetic separation (HGMS) has the potential to 100 

improve recovery of MPs from soil, and bypass the methodological issues associated with the 101 

previous magnetic extraction method (Grbic et al., 2019). HGMS is widely used to separate 102 

micro- and nano-scale particles in aqueous suspensions (Alves et al., 2019; Gerber and Birss, 103 

1983; Hillier and Hodson, 1997; Mullins, 1977; Rikers et al., 1998; Watson, 1973; Yavuz et al., 104 

2009), and is widely applied to various matrix separation processes including those in the 105 

medical (Bhakdi et al., 2010) and mining industries (Chun, 1995; Dahe, 2000; Ignjatović et al., 106 

1995), and for water purification (Yavuz et al., 2006). Soils contain a vast array of minerals 107 

that, even if not ordinarily considered magnetic, are rendered magnetic in the HGMS system, 108 

and HGMS is often used to separate these ‘paramagnetic’ minerals from soils (Mullins, 1977). 109 

It has also been used to remediate soils from heavy metal contamination and radioactive 110 

wastes (Ebner et al., 1999; Rikers et al., 1998). HGMS systems typically consist of a column 111 

housing magnetically susceptible wires placed in an electromagnetic field. These wires 112 

dehomogenise the field, generating steep gradients that vary across the volume of any 113 

particles of appropriate size in the vicinity of the wires, thereby producing a net force on the 114 

particles. Particles are separated by the competition between magnetic forces on the one 115 

hand, and fluid drag or gravitational forces on the other. The use of an electromagnet is a 116 

useful component of the system as it allows the strength of the magnetic field to be adjusted 117 

for optimal separation of a wide range of particles with varying complexities, sizes and 118 

magnetic susceptibilities. The use of an electromagnetic also allows MPs to be subsequently 119 

retrieved after extraction without damaging them by avoiding physical contact with the 120 

magnetic source.  121 

 122 

1.7. In this proof-of-concept study, a novel alternative method for extracting MPs from soil was 123 

developed, which uses the HGMS technique (Hillier and Hodson, 1997) in combination with 124 
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the use of hydrophobised iron nanoparticles (Grbic et al., 2019) for binding to the surface of 125 

MPs to facilitate high-gradient magnetic separation and subsequent recovery. The three-126 

staged method involves: Stage 1 – initial removal of magnetic soil particles; Stage 2 – tagging 127 

of MPs with modified iron nanoparticles to render them magnetic; and Stage 3 – recovery of 128 

surface modified MPs. In this method, the MPs do not come into direct contact with the 129 

magnet, which avoids damage to the MPs as had been observed in the previous permanent 130 

magnetic extraction method developed by Grbic et al. (2019). This novel HGMS method 131 

recovered both high- and low-density MPs and fibres from soil, and recovered fibres that 132 

were partially embedded in soil aggregates. Furthermore, the developed method was less 133 

time-consuming, more cost-effective, and avoided the use of environmentally hazardous 134 

chemicals. 135 

 136 

2. MATERIALS & METHODS 137 

2.1. Soil Sampling and Soil Chemistry 138 

2.1.1. Four soil types were used to test and optimise the method: loam (Forfar, Angus), high-139 

carbon loamy sand (Dunmaglass, Inverness), sandy loam (Boyndie, Aberdeenshire), and 140 

high-clay sandy loam (Hartwood, North Lanarkshire). All soils were air dried and sieved 141 

to < 2 mm particles. The optimised method was then tested on a farm soil sample from 142 

the Glensaugh Farm Research Facility (Laurencekirk, Aberdeenshire). A composite 143 

surface sample (0-10 cm) was collected from the farm (20 kg) using an auger from 50 144 

locations in a field (1,144 m2), air dried and sieved to < 2 mm particles. Surface samples 145 

were collected because they are more likely to contain MPs. The field was used for 146 

livestock grazing. Within the field were several plots experimenting with the application 147 

of farmyard manure, compost, sludge pellets and inorganic fertiliser. Samples were not 148 

collected from these plots, but were taken elsewhere in the field.  149 



7 
 

 150 

2.1.2. Glassware and metal tools were used throughout to avoid contamination from plastic 151 

utensils, with glassware heated in a muffle oven (450 °C) before use (Dris et al., 2018). 152 

Soil clay, silt and sand content were determined by laser diffraction (British Standards 153 

Institution, 2009) using a Mastersizer 3000 particle analyser with Hydro LV sample 154 

dispersion unit (Malvern Panalytical). Total carbon content was determined by an 155 

automated Dumas combustion procedure (Pella and Colombo, 1973) using a Flash 2000 156 

Elemental Analyser. Soil chemistry data is given in Table 1. Particle size distribution and 157 

carbon content analyses were conducted in this study to accurately determine soil types 158 

derived from the soil texture triangle. However, simple hand texturing procedures 159 

(Arshad et al., 1997) can be used effectively for determination of the likely experimental 160 

conditions required for the soil type concerned. 161 

 162 

2.2. High-Gradient Magnetic Separation (HGMS) System 163 

2.2.1. The HGMS arrangement was an in-house, custom-built unit, essentially the same as used 164 

by Hillier and Hodson (1997). A 35 cm long magnetic steel collector wire (magnetic 165 

matrix; 1.6 mm diameter) was housed within glass tubing (2.5 mm i.d. and 40 cm long) 166 

and held using a clamp stand within a magnetic field generated with an electromagnet. 167 

The magnetic poles were 40 cm long and 3 cm apart to accommodate the glass tube and 168 

the magnetic flux density was set by adjusting the applied current from customised 169 

constant current power supplies derived from electrophoresis units (Figure 1). The 170 

maximum magnetic flux density achievable in this system with this pole gap was 0.53 171 

Tesla. Rubber tubing (Nalgene™; 3/4 in i.d. x 25 cm long) was attached to the bottom of 172 

the glass tube and a lock-grip clamp was used here to allow the glass tube to be filled 173 

with HPLC grade ethanol (Rathburn, UK) and a separate clamp was used to separate the 174 
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magnetic material from the non-magnetic material. Samples were added to the glass 175 

tubing via a glass funnel.  176 

 177 

2.3. Stage 1: Removal of Magnetic Soil Particles  178 

2.3.1. Four grams of soil were spiked with 30 MP particles or fibres and mixed thoroughly. Each 179 

MP type and MP size was tested with each soil type individually, giving a total of 196 180 

individual tests. The MPs tested were 63-75, 106-125, 300-355 and 600-710 µm 181 

polyethylene (PE) microbeads (Cospheric LLC, USA), 2-4 mm PE fibres, 2.0 x 2.0 x 0.4 mm 182 

polyethylene terephthalate (PET) flakes and 650-850 µm polytetrafluoroethylene (PTFE) 183 

fragments, which were prepared in the laboratory. Spiking reached a concentration of 184 

1% (w/w) or less, which is a similar concentration to those found in the environment  (de 185 

Souza Machado et al., 2018b). The soil samples were resuspended in 20 mL of ethanol 186 

(Figure 2). The magnetic flux densities were adjusted to locate the optimal conditions 187 

for magnetic soil particle removal for each soil (Figure 3; 0.29 Tesla for loam, 0.35 Tesla 188 

for high-carbon loamy sand, 0.53 Tesla for sandy loam, and 0.16 Tesla for high-clay sandy 189 

loam). Each spiked soil sample was introduced to the magnetic field to allow magnetic 190 

soil particles to adhere to the collector wire (3 min settling time). The glass tube was 191 

agitated to dislodge any loosely adhered MPs from the wire. The non-magnetic fraction 192 

(containing the MPs) that had settled past the collector wire was separated from the 193 

magnetic material by a lock grip clamp attached to a flexible Nalgene™ tube and retained 194 

for Stages 2 and 3. The magnetic field was switched off and the magnetic soil fraction 195 

flushed out and discarded. This was repeated a second time. The collector wire was 196 

cleaned for Stage 3.  197 

 198 

2.4. Stage 2: Magnetisation of MPs  199 
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2.4.1. Modified iron nanoparticles were prepared according to Grbic et al. (2019). Briefly, 0.16 200 

g of iron nanoparticles (25 nm; Sigma-Aldrich) were mixed with 80 mL ethanol and 800 201 

µL hexadecyltrimethoxysilane for 12 h on a Gallenkamp orbital shaker at 140 rev/min. 202 

The liquid was then decanted using a magnet to retain the iron nanoparticles at the 203 

bottom of the container, and the modified iron nanoparticles were then re-suspended 204 

in 20 mL deionised water for storage. Approximately 10 mg of modified iron 205 

nanoparticles were added to the non-magnetic soil fraction retained from Stage 1 using 206 

a microspatula and incubated at room temperature for 10 min (with frequent stirring by 207 

hand with a glass rod) to allow binding of the iron nanoparticles to the MPs (Figure 2). 208 

 209 

2.5. Stage 3: Extraction of Microplastic Particles 210 

2.5.1. The magnetic flux densities were adjusted to the optimal conditions for MP recovery for 211 

each soil (Figure 3) - 0.39 Tesla for loam, 0.39 Tesla for high-carbon loamy sand, 0.53 212 

Tesla for sandy loam, and 0.39 for high-clay sandy loam. The sample was introduced to 213 

the HGMS system and the magnetic fraction retained. The process was repeated for a 214 

second cycle with the non-magnetic fraction (adding another ∼10 mg of modified iron 215 

nanoparticles). The retained fractions containing MPs were filtered onto 1.2 µm 216 

Whatman GF/C glass microfibre membrane filters (Figure 2). 217 

 218 

2.6. Density Separation (DS) 219 

2.6.1. Four grams of the test soils were spiked with MPs and fibres as described above, 220 

resuspended in 50 mL of saturated zinc bromide solution (density ≈ 2.4 g/mL3) and 221 

placed on an IKA® KS 260 basic rotary shaker at 300 rpm for 5 min and allowed to settle 222 

overnight. As with the HGMS method, a total of 196 individual spiked soil tests were 223 

processed by DS.  224 
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 225 

2.6.2. Eight grams of soil from the Glensaugh Research Facility was used directly (i.e. without 226 

spiking) and processed in the same way as the test soils prior to extraction. Previously 227 

published studies using DS as the extraction method used sample sizes of 5-10 g of soil 228 

(Corradini et al., 2019; Radford et al., 2021; Zhang et al., 2018), so the 8 g used in this 229 

study aligns with this practice. Moreover, previously published studies tested soils in 230 

triplicate (Corradini et al., 2019; Han et al., 2019; Liu et al., 2018; Radford et al., 2021; 231 

Scheurer and Bigalke, 2018; Zhang et al., 2018), but for improved statistics, 7 replicates 232 

was used in this study.  233 

 234 

2.6.3. Zinc bromide is a common salt solution and was used in this study as it has the potential 235 

to extract both high- and low-density MPs (He et al., 2018; Liu et al., 2018; Scheurer and 236 

Bigalke, 2018; Zhang et al., 2018). The deionised water used to make the saturated salt 237 

solution was filtered before preparation to minimise the possibility of any MP 238 

contamination. The solution was decanted and rinsed with excess solution using a glass 239 

pasture pipette while carefully inverting the beaker to reduce the potential loss of 240 

microplastics through their adhesion to the walls of the beaker. The decanted and rinsed 241 

solution was filtered as described above, and the process repeated a second time. 242 

 243 

2.7. Quantification and Identification of Microplastics 244 

2.7.1. Recovered material was treated with 10 mL 30% hydrogen peroxide (Sigma-Aldrich) for 245 

1 h at 60 °C to remove organic matter from the MPs, and then re-filtered. MPs were 246 

counted directly on the filter papers using a Nikon SMZ1500 stereo microscope (10x 247 

magnification). Both HGMS-recovered MPs and DS-recovered MPs were quantified from 248 
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7 replicates per test soil type and MPs extracted from the Glensaugh sample by HGMS 249 

and DS were also quantified from 7 replicates. A blank measurement was also performed 250 

with all reagents only. Attenuated Total Reflection - Fourier-Transform Infrared (ATR-251 

FTIR) measurements of MPs that were > 70 µm were carried out using a Bruker Vertex 252 

70 FTIR spectrometer. To generate an IR spectrum, a Diamond Attenuated Total 253 

Reflectance (DATR) crystal with a single reflectance system was used. Data points in the 254 

range of 4000-400 cm-1 were recorded with a resolution of 4 cm-1 and an average of 200 255 

scans. An air blank spectrum, with the same number of scans and resolution was 256 

recorded as the background spectrum before each measurement. Interpretation of the 257 

IR spectra was achieved using searchable in-house and commercial libraries of reference 258 

IR spectra. 259 

 260 

2.8. Statistical Analysis 261 

2.8.1. Recovery of MPs was calculated as a percentage of the total number of spiked MPs. T-262 

tests were performed to find the significance associated with the differences in MP 263 

recovery between the two methods (Welch, 1938). This is an appropriate statistical test 264 

to use when n is as small as 2 and the within-pair correlation is high (> 0.8) (de Winter, 265 

2013). ANOVA was performed to find the significance associated with the differences in 266 

recovery of each MP particle type and fibres within each soil type for HGMS (Sthle and 267 

Wold, 1989). Both tests were performed using R (version i386 4.0.0). 268 

 269 

3. RESULTS AND DISCUSSION 270 

3.1. Optimisation of MP recovery using the HGMS system  271 

3.1.1. Stage 1 of the HGMS method was implemented to remove naturally paramagnetic 272 

minerals (Mullins, 1977) and prevent them coating the collector wire and blocking 273 
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adherence of the MPs. Stage 2 magnetically tagged MPs by binding modified iron 274 

nanoparticles to their surface. Stage 3 recovered the MPs that were hydrophobically 275 

attached to modified iron nanoparticles, which rendered them magnetic in the HGMS 276 

system.  277 

 278 

3.1.2. Magnetic flux densities for Stages 1 and 3 were optimised for each soil type (Figure 3). 279 

Particle capture in an axial HGMS system, configured as herein, depends on the 280 

competition between gravity settling forces and magnetic forces (Watson, 1973), with 281 

the latter a function of both the magnetic susceptibility of any given particle (or 282 

aggregate) and its radius. This means that polymer type would not affect magnetic 283 

recovery using HGMS - this is determined only by particle size and the ability of the 284 

modified iron nanoparticles to bind to the MP’s surface. Plastics are diamagnetic (Keyser 285 

and Jefferts, 1989) and would ordinarily be repelled from the HGMS filter, but tagging 286 

with iron nanoparticles effectively renders them paramagnetic in the HGMS system. 287 

Grbic et al. (2019) reported that the iron nanoparticles bound to PE, PET, polypropylene, 288 

polyvinyl chloride, polystyrene and polyurethane, and this study has further 289 

demonstrated that iron nanoparticles also bound to both PTFE particles and PE fibres 290 

(Figure 4). The MPs selected in this work encompassed various chemical and physical 291 

properties, such as polar (PET) and non-polar (PE and PTFE) plastics, low-density (PE) 292 

and high-density (PET and PTFE) plastics, and different shapes (fibres, spheres, flakes, 293 

fragments) and sizes (63 µm to 2 mm) to demonstrate the ability of HGMS to extract 294 

plastics with different properties without significant reductions in their recovery. 295 

 296 

3.1.3. Shi et al. (2022) reported that the hydrophobicity and crystallinity of MPs affected the 297 

adsorption efficiency of the modified iron nanoparticles. The lower the  hydrophobicity 298 
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and crystallinity of the polymer, the lower the adsorption capacity of the iron 299 

nanoparticles, however, the polarity and pH of the background solution can influence 300 

this. Ethanol molecules are amphiphilic so have hydrophobic and hydrophilic properties. 301 

No significant differences in recovery of the plastic types were observed (p > 0.05), 302 

therefore, it was concluded that these physicochemical properties did not play a 303 

significant role in MP recovery in the HGMS system.  304 

 305 

3.1.4. Differences in optimal conditions can be ascribed to factors such as different particle 306 

size distributions (Table 1), and differences in mineralogy and carbon content insomuch 307 

as this determines the magnetic susceptibility of the particles or aggregates present.  308 

 309 

3.1.5. Both loam and high-carbon loamy sand had similar relationships between magnetic flux 310 

density and MP recovery (Figures 3A and 3B). In Stage 1, magnetic flux densities > 0.35 311 

Tesla removed the most magnetic soil material, but this also removed > 40% of 312 

untreated MPs. Studies have reported that MPs bind to the surface of clay particles in 313 

soil (Pathan et al., 2020). This may account for the loss of some MPs in Stage 1, 314 

particularly for the loam soil (10.07% clay; Table 1), due to paramagnetic clay particles 315 

being attracted to the collector wire. Some types of organic matter may also behave 316 

paramagnetically and become attracted to the collector wire, and at stronger magnetic 317 

flux densities, organic matter behaving diamagnetically may also be attracted to parts 318 

of the collector wire (Sokolowska et al., 2016). MPs have been found to adhere to the 319 

surface of vegetation/organic matter (Mateos-Cárdenas et al., 2021), therefore, any 320 

MPs adhered to the surface of organic matter in the HGMS system has the potential to 321 

be removed through para- or diamagnetic attraction of the organic matter to the 322 

collector wire in Stage 1, particularly in soils containing a higher organic matter content 323 
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such as the high-carbon loamy sand (14.4% carbon; Table 1) used in this study. At 0.10-324 

0.35 Tesla, a maximum of only 9% of untreated MPs were removed. Therefore, an 325 

appropriate magnetic flux density was selected that allowed maximum removal of 326 

magnetic soil material, without causing significant losses of untreated MPs. This was 327 

0.29 and 0.35 Tesla for loam and high-carbon loamy sand, respectively.  328 

 329 

3.1.6. High-clay sandy loam displayed a similar pattern of behaviour to loam and high-carbon 330 

loamy sand for MP removal in Stage 1, however, the removal of untreated MPs was 331 

higher at magnetic flux densities > 0.20 Tesla (Figure 3C). This was expected for this soil 332 

type as there was a higher proportion of clay particles (21.00% clay; Table 1) that could 333 

adhere to the surface of MPs, and so MPs may have been removed at lower magnetic 334 

flux densities due to this clay-MP interaction. Therefore, a suitable magnetic flux density 335 

of 0.16 Tesla was selected for high-clay sandy loam.  336 

 337 

3.1.7. By contrast, MP removal from sandy loam during Stage 1 remained constant across the 338 

range (Figure 3D) due to its low carbon and clay content, so 0.53 Tesla was selected for 339 

this soil type.   340 

 341 

3.1.8. In Stage 3, MP recovery decreased at electromagnetic strengths > 0.4 Tesla for loam, 342 

high-carbon loamy sand and high-clay sandy loam soils due to larger volumes of soil 343 

particles (that were not removed in Stage 1) adhering to the collector wire, likely 344 

because the resultant deposit effectively blocked the attraction of iron-bound MPs. 345 

Therefore, to achieve optimum recovery of MPs, a uniform 0.39 Tesla was selected for 346 

Stage 3 in the loam, high-carbon loamy sand and high-clay sandy loam soils (Figures 3A-347 
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C). For the sandy loam, optimal MP recovery occurred at the highest magnetic flux 348 

density (0.53 Tesla; Figure 1D) because most magnetic soil particles were removed 349 

during Stage 1.  350 

 351 

3.2. Performance of HGMS method 352 

3.2.1. HGMS achieved significantly higher recoveries for both high- and low-density MPs in all 353 

the test soil types compared to DS (p < 0.01; Figure 4). The exception was recovery of PE 354 

(300-355 µm) in high-carbon loamy sand and sandy loam, and PE (600-710 µm) in high-355 

clay sandy loam, which showed no statistical difference between the two methods (p > 356 

0.05). A global t-test (i.e. a t-test performed on all 392 tests for MP recovery by DS and 357 

HGMS) showed that overall, HGMS gave significantly higher MP recoveries than DS (p < 358 

0.01). 359 

 360 

3.2.2. The average recovery of PE (63-75 µm) was 89±5% using DS and 98±2% using HGMS. The 361 

recovery of PE (106-125 µm) was 90±4% using DS and 96±3% using HGMS. The higher 362 

recoveries of these very small MPs achieved by HGMS is important because small MPs 363 

have greater detrimental impacts on organisms (Huerta-Lwanga et al., 2016; Ng et al., 364 

2018) so it will allow future studies to consider impacts on soil biota. Moreover, small 365 

MPs are usually difficult to handle in the laboratory so they often get missed. Recovery 366 

of PE (300-355 µm) was 90±4% using DS but 94±4% using HGMS. The recovery of PE 367 

(600-710 µm) was 89±6% using HGMS, but only 75±7% using DS. PET had a recovery of 368 

56±7% using DS and 88±5% using HGMS. A significant improvement in recovery for the 369 

highest density polymer tested, PTFE, was observed using HGMS. PTFE was not 370 

recovered at all using DS, but recoveries of 90±5% were achieved with HGMS. DS is often 371 

incapable of extracting high-density MPs due to their density being similar to that of soil 372 
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particles (Scopetani et al., 2020). High-density polymers are manufactured to be 373 

resistant to environmental, chemical and thermal degradation. This can be achieved 374 

through their polymeric structures (e.g. the high bonding energy of C-F covalent bonds 375 

in PTFE (485 kJ/mol) renders the structure chemically inert), or through the addition of 376 

additives to improve their functionality. Due to their resistance to degradation in the 377 

environment, they will likely accumulate over time. Until recently, there has been a lack 378 

of attention to the presence of high-density MPs in the environment despite their low 379 

degradability as well as their contribution of more than 20% of the global plastic demand 380 

(PlasticsEurope, 2019). Therefore, the recovery of high-density MPs using HGMS is an 381 

important aspect as it will allow a more accurate determination of MP prevalence in soil. 382 

 383 

3.2.3. HGMS also showed improved recovery for fibres (95±3%) compared to DS (78±9%). 384 

Fibres are one of the most commonly occurring MPs in the environment (Corradini et 385 

al., 2019; Henry et al., 2019), therefore, it was important that the HGMS method was 386 

capable of extracting fibres.  387 

 388 

3.2.4. Most HGMS recoveries had smaller standard deviations than DS, (the exception was PE 389 

(300-355 µm) where they were the same), indicating that HGMS has better 390 

reproducibility compared to both DS and to the previous magnetic extraction method 391 

developed by Grbic et al. (2019) (±6-47%). There was no significant difference in 392 

recovery of small-sized MPs (63-75 µm PE and 2-4 mm PE fibres), medium-sized MPs 393 

(106-125 µm PE and 300-355 µm PE) or large-sized MPs (600-710 µm PE, 2.0 x 2.0 x 0.4 394 

mm PET and 650-850 µm PTFE) between the replicates in all 4 soil types (p > 0.05), 395 

indicating that the HGMS method is highly reproducible when extracting fibres and MPs 396 

from these soil types. The exception was in the high-carbon loamy sand where there was 397 
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a significant difference between replicates when recovering the small-sized MPs, likely 398 

as a result of their removal in Stage 1 (p < 0.05) (Mateos-Cárdenas et al., 2021). 399 

 400 

3.2.5. Background levels of MP particles and fibres in the test soils were determined by HGMS 401 

and optical microscopy (at 10x magnification) to allow accurate measurements of MP 402 

recovery from the test soils used for both HGMS and DS. Only fibres were detected in all 403 

test soils except for the high-carbon loamy sand. No MP particles were detected in the 404 

test soils. These contaminant fibres were bright and long so they were easily 405 

distinguished from the spiked fibres, and were discounted from the recovery 406 

calculations. Blank control measurements showed that no MP particle or fibre 407 

contaminants were detected in any of the reagents (zinc bromide or ethanol containing 408 

modified iron nanoparticles) after filtration. All glassware was regularly heated in a 409 

muffle oven at 450 °C to reduce the potential for MP contamination (Dris et al., 2018). 410 

Therefore, we are confident that the difference in recovery rates obtained from HGMS 411 

and DS, respectively, were not a result of differences in background levels of MP 412 

particles or fibres in the test soils or reagents.  413 

 414 

3.2.6. Taken together, HGMS achieved good MP recoveries irrespective of density, size or 415 

shape of the MP under the conditions set using the optimal magnetic flux densities 416 

selected for each soil type. However, reproducibility may be compromised for small-417 

sized MPs (63-75 µm PE and 2-4 mm PE fibres) in high-carbon loamy sand. Several 418 

studies found high-density MPs to be either low in quantity or absent in soil (Liu et al., 419 

2018; Scheurer and Bigalke, 2018). This may reflect inefficient extraction methods, 420 

which subsequently under-estimated the true abundance of high-density MPs. 421 
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Implementation of the HGMS method in future studies has the potential to provide 422 

more accurate quantifications of MPs and fibres. 423 

 424 

3.2.7. The use of an electromagnet prevented fragmentation of MPs. This is an improvement 425 

on the previous magnetic extraction method developed by Grbic et al. (2019), which 426 

reported fragmentation and damage of MPs during their removal from the permanent 427 

magnet, which could result in over-estimation of MP particle abundance in real 428 

environmental samples. 429 

 430 

3.3. Practical application of the HGMS method to a farm soil sample 431 

3.3.1. The performance of the HGMS method was additionally tested against DS using a sandy 432 

loam soil sample from the Glensaugh Farm Research Facility (Table 1). Agricultural soils 433 

have been identified as being a major ‘hot-spot’ for MP pollution due to land 434 

management practices such as sewage sludge amendment and the use of mulching film 435 

(Guo et al, 2020). Seven replicates of 8 g of soil were used for analysis, with the sample 436 

being split into two 4 g subsamples for HGMS. The magnetic flux densities selected were 437 

based on the parameters prescribed to the test soil types. The main factors considered 438 

in determining the magnetic flux densities for Stages 1 and 3 were the clay and carbon 439 

content. Since the rate of MP recovery was sensitive to these soil factors (Section 3.1), 440 

and the Glensaugh sample contained a higher carbon content (Table 1), weaker 441 

magnetic flux densities were used compared to the sandy loam test soil. Based on these 442 

factors, 0.35 and 0.39 Tesla for Stage 1 and 3, respectively, were selected for the 443 

Glensaugh sample and the extraction was carried out as described (Section 2.3-2.6; 444 

Figure 2). HGMS extracted an average of 14±4 fibres and 3±1 MP particles per 8 g sample 445 

while DS recovered an average of 8±3 fibres and 1±1 MP particle (Figure 5). Particles 446 



19 
 

were predominantly film fragments (potentially originating from the use of silage and 447 

haylage plastic wrapping) with the other particles being fragments and flakes. Fibres and 448 

MP particles may also have originated from MP pollution that drifted onto the field by 449 

wind transportation from nearby experimental soil amendment plots which are known 450 

to contain MPs (Corradini et al., 2019; Gui et al., 2021; Rolsky et al, 2020; Vithanage et 451 

al., 2021).  452 

 453 

3.3.2. The within-pair correlation between the MP recoveries with HGMS and DS was high (> 454 

0.8), which meant that Welch’s t-test was an appropriate test to use when looking for 455 

significant differences in recoveries. This showed that there was a significant difference 456 

in MP recovery between the two methods (p < 0.05), likely due to MPs becoming 457 

trapped by settling soil aggregates, reducing extraction efficiency during DS (Zhang and 458 

Liu, 2018). Fibres recovered from the Glensaugh sample ranged from approximately 2 459 

to 15 mm in length, while the dimensions of the particles ranged from approximately 90 460 

to 450 µm, and the PE films were an average of approximately 3 x 1.5 x 0.1 mm. The MP 461 

particles and fibres recovered were of a different size, colour, and shape to those used 462 

during the method development stage, ruling out any possibility of cross-contamination. 463 

Fibres that were partially entrapped in soil aggregates were successfully recovered using 464 

HGMS (Figure S1), possibly due to the combined effects of the bound iron nanoparticles 465 

to the fibre’s surface and the magnetically susceptible soil minerals within the 466 

aggregate. No such observation was seen with DS. DS often fails to extract fibres or MP 467 

particles entrapped within aggregates (Bläsing and Amelung, 2018) due to their overall 468 

higher density. Disaggregation steps such as ultrasonication can be undertaken to 469 

improve MP recovery during DS, however, the extent of ultrasonication is dependent on 470 

soil type and the aggregate’s stability, and care must be taken to minimise further 471 
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interference of the flotation of low-density soil organic matter caused during 472 

disaggregation (Thomas et al., 2020). Ultrasonication also has the potential to damage 473 

or fragment MPs. This means that the developed HGMS method has the potential to 474 

offer extraction of these commonly observed fibre-aggregate complexes resulting in 475 

higher recoveries and a more accurate quantification of terrestrial fibre and MP 476 

pollution.   477 

 478 

3.3.3. ATR-FTIR was used to confirm the compositions of the MPs recovered from the 479 

Glensaugh soil samples (Figure 6), where MP particles were ≥ 70 µm. As a control, FTIR 480 

analysis was also performed on the pristine MPs (selected from the stock containers) 481 

used to spike the soils. This was done to ensure the presence of the bound modified iron 482 

nanoparticles on subsequently recovered MPs did not interfere with FTIR measurements 483 

(Figure S2 and 6). Spectral interpretation identified predominantly PE, PET-glycol and 484 

polyester, or blends of these plastic types for recovered fibres, PE for film fragments, 485 

and PE and PTFE for particles (Figure 6). This demonstrated that other plastic types could 486 

be recovered using HGMS other than those tested during the method optimisation stage 487 

of this work. FTIR also confirmed that HGMS recovered both high- and low-density MPs.  488 

 489 

3.3.4. The application of HGMS to the Glensaugh farm sample demonstrated the effectiveness 490 

of the method to extract MPs from soils. The higher recovery of MP particles and fibres 491 

by HGMS from soil will enable researchers and practitioners in the agricultural and food 492 

industries to understand the true impact of agricultural films and soil amendments on 493 

soil quality and health. It has been reported that the consumption of macroplastics (> 5 494 

mm) and MPs by sheep through grazing can occur (Beroit et al., 2021). MPs can also 495 

affect crop growth and yield (Khalid et al., 2020) or have the potential to be incorporated 496 
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into crops, fruits or vegetables (Conti et al., 2020; Dong et al., 2021; Li et al., 2020). 497 

Therefore, the developed HGMS method could potentially help with soil monitoring and 498 

subsequently inform the agriculture and food industries.  499 

 500 

3.4. Evaluation of the HGMS method 501 

3.4.1. HGMS was a significantly faster method, taking ∼30 min to process one sample, 502 

compared to 2-3 days for DS. In this HGMS method, ethanol was used, which is readily 503 

biodegradable and non-toxic (Thomas et al., 2020), whereas, DS uses salt solutions that 504 

are toxic and have long lasting environmental effects (Thomas et al., 2020). Ethanol is 505 

also substantially cheaper than the salts used in DS. Ethanol was used because it has a 506 

low specific density, which resulted in better dispersion of lighter MPs into solution, 507 

improving both settling times, and contact times with the collector wire during Stages 1 508 

and 3. Water was considered during development of the HGMS method, but this caused 509 

the flotation of lighter MPs and fibres preventing them from reaching the collector wire 510 

within the electromagnetic field for high-gradient magnetic extraction in Stage 3 (data 511 

not shown). Ethanol also has minimal impacts on MPs (Dawson et al., 2020).  512 

 513 

3.4.2. This proof-of-concept study was intended to show the potential of HGMS to extract MPs 514 

from soil. The HGMS system can be easily adapted by other researchers who wish to 515 

build on this concept. Various filter designs are available commercially (or are easy to 516 

make) to accommodate a range of separation requirements, from large to small sample 517 

volumes to ones designed for specific sizes or quantities of target components or types 518 

of matrices. Since HGMS works as a function of magnetic forces and magnetic 519 

susceptibility and radius of the MP, a scaled-up system would simply require the 520 

quantity of modified iron nanoparticles and the capacity/throughput of the HGMS set-521 



22 
 

up to be adjusted appropriately. Larger HGMS systems have indeed been used in the 522 

mining industry (Chun, 1995; Dahe, 2000; Ignjatović et al., 1995) and laboratory HGMS 523 

systems of various sizes are available. 524 

 525 

3.4.3. In summary, HGMS is a faster, safer and cheaper extraction method; it is also a mature 526 

industrial technology (Alves et al., 2019; Gerber and Birss, 1983; Hillier and Hodson, 527 

1997; Mullins, 1977; Rikers et al., 1998; Watson, 1973; Yavuz et al., 2009) that may be 528 

further optimised for MP separation on a larger scale.  529 

 530 

3.4.4. A potential drawback of the novel HGMS method is that some knowledge of the soil 531 

composition and particle size may be required prior to MP extraction as this influences 532 

the parameters required for separation. However, it is possible to identify broad soil 533 

types relatively easily by hand texturing (Arshad et al., 1997). In this study, laser 534 

diffraction particle size analysis and Dumas combustion procedures were carried out to 535 

accurately determine soil particle size and carbon content, respectively. However, hand 536 

texturing would allow these extra analysis steps to be by-passed. This proof-of-concept 537 

work has already optimised HGMS conditions for four soil types (loam, high-carbon 538 

loamy sand, sandy loam and high-clay sandy loam), and so it likely that similar 539 

experimental conditions can be used for similar soil types by other researchers wishing 540 

to replicate this experimental set-up. Moreover, the conditions prescribed to the four 541 

test soil types were used as a benchmark for assigning magnetic flux densities to the 542 

Glensaugh farm sample, where the soil parameters differed to those in the test samples. 543 

Therefore, optimising a particular soil sample for recovery is not a time-consuming task. 544 

A further drawback is that some MPs may be lost during Stage 1. Any untreated MPs 545 

adhered to the collector wire or physically trapped in the magnetic deposit that 546 
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accumulated on the wire in Stage 1 were discarded along with the magnetic soil 547 

particles, which likely accounted for the losses observed. Despite this, the novel HGMS 548 

method still out-performed the commonly used DS method and previous magnetic 549 

extraction method (Grbic et al., 2019) with recoveries ranging between 87-100% for all 550 

the MPs and fibres in this study.  551 

 552 

4. CONCLUSION  553 

4.1. The novel HGMS extraction method achieved high recoveries for both high- and low-density 554 

MPs and fibres across a range of soil types. It is a fast and inexpensive method of extraction 555 

avoiding the use of expensive and toxic chemicals as used by the DS method. This method 556 

was also capable of recovering fibre-aggregate complexes enabling more accurate 557 

enumeration of MP pollution in soils. Further work will be required to streamline the process 558 

(e.g. calibrate the set up to accommodate more soil types, larger sample volumes and 559 

optimise the design of the HGMS filter (collector wire)). However, even in a simple 560 

configuration, such as that used in the present investigation, this improved extraction 561 

method will provide an alternative quicker and more accurate method of quantifying and 562 

monitoring MP contamination in environmental samples in future studies and would be 563 

beneficial for the food, agricultural and environmental sectors. 564 

 565 
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Table and Figures 775 

 776 

Figure 1. Schematic of the HGMS system showing the current suppliers, the electromagnet poles and 777 

column containing the collector wire and ethanol where there are MPs adhered to the wire.  778 

 779 

 780 

Figure 2. Schematic of the three-staged HGMS method.  781 

 782 
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 783 

Figure 3. Influence of magnetic flux density on average MP recovery in (A) loam, (B) high-carbon loamy 784 

sand, (C) high-clay sandy loam, and (D) sandy loam for Stage 1 and Stage 3 of HGMS. Error bars indicate 785 

standard deviation. 786 

 787 
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 788 

Figure 4. Box plots showing MP recovery using HGMS in each soil type (loam, high-carbon loamy sand, 789 

sandy loam and high-clay sandy loam) compared to DS. Colours indicate soil type. Errors bars show 790 

standard deviation.  791 

 792 
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 793 

Figure 5. Box plot comparing the recovery of MP particles and fibres from the Glensaugh soil sample 794 

by HGMS and DS. Error bars depict standard deviation. 795 

 796 

 797 

Figure 6. FTIR spectra of (a) a PTFE particle, and (c) a PET-glycol fibre recovered from the Glensaugh 798 

sample. Spectra (b) and (d) are their respective reference spectra.  799 

 800 

 801 
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Table 1. Soil Chemistry. Particle size ranges for clay, silt and sand, respectively, are indicated in the 802 

brackets.  803 

Soil Type Clay Content 

(%) (<2 µm) 

Silt Content (%) 

(2-20 µm) 

Sand Content (%) 

(20-2000 µm) 

Carbon 

Content (%) 

pH (in 

water) 

Loam 10.07 43.17 46.76 3.00 5.17 

High-Carbon 

Loamy Sand   

1.05 13.94 85.01 14.40 5.36 

Sandy Loam 4.98 21.55 73.47 2.33 5.08 

High-Clay 

Sandy Loam 

21.00 20.00 59.00 4.79 5.45 

Glensaugh 

(sandy loam) 

3.40 37.82 58.78 7.36 5.73 

 804 

Highlights 805 

• Rapid High-Gradient Magnetic Separation method for microplastic extraction from soil 806 

• The HGMS method performed significantly better than the density separation method 807 

• It was able to recover high- and low-density microplastics  808 

• Could recover microplastic particles and fibres 63 µm – 15 mm in size (≥ 87%) 809 

• Avoided the use and disposal of hazardous salts associated with density separation 810 

  811 



38 
 

Supplementary Material 812 

 813 

Figure S1. Photograph of a red fibre (identified predominantly as polyester by FTIR) partially 814 

embedded in a soil aggregate under the stereomicroscope recovered from the Glensaugh 815 

sample using the developed HGMS method. 816 

 817 

 818 

Figure S2. Comparison of FTIR spectra of pristine (a) PE, (c) PTFE, and (e) PET particles to 819 

modified iron-bound (b) PE, (d) PTFE, and (f) PET particles recovered from a test soil. The PE MPs 820 

used here contained aluminium trihydrate (gibbsite) (troughs around 3500 cm-1 region) – a 821 

common plastic flame retardant filler (Shah et al., 2014). 822 

 823 
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