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ARTICLE INFO ABSTRACT

Editor: Damia Barcel6 Microplastic particles in arable soil are expected to impact the environment and potentially human health. The
application of municipal biosolids (MBs) to agricultural land presents a further dilemma in that biosolids act as a

Keywords: fertilizer for crop growth, and a disposal pathway for wastewater treatment plants. They are also a direct path for

M;C“’plasncs emerging contaminants, such as microplastics to enter the terrestrial environment. Reliable methods are needed

Filtration

to identify and quantify microplastics, found in agricultural soils to determine how microplastics are being cycled
Municipal biosolids in the terrestrial environment. In this study, we developed a method for extracting microplastics from soil, and
Thermogravimetric analysis characterized their composition and identity for particles sized 5 pm to 2 mm. Method development was initially
FT.IR completed using natural soils spiked with microplastics and MBs, followed by the analyses of soil sampled from
an agricultural field where MBs were recently applied at a rate of 13 tons dw/ha. The procedures that used the
spiked samples showed that microplastics can be reliably extracted from soil in a laboratory setting, and iden-
tified and semi-quantified by thermogravimetric analysis combined with Fourier-transform infrared spectroscopy
(TGA-FTIR). However, when the same methods were applied to the soil samples collected from the agricultural
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field, reproducibility became a challenge, as the number and type of microplastics changed even within the same
soils (i.e., collected the same day from the same exact location). The variation in reproducibility observed be-
tween laboratory and field samples underscores the significant heterogeneity present in the environment. This
heterogeneity, in turn, affects the identification and quantity of microplastics detected, a phenomenon observed
even when comparing different fields within a single treatment regimen.

1. Introduction

Plastic pollution is of global concern, with terrestrial ecosystems
estimated to receive up to forty times more plastic than aquatic systems
(Kawecki and Nowack, 2019) an unsettling reminder of the need to
better understand the life cycle and impact of plastics in terrestrial
ecosystems. Microplastics (MPs) defined as a size of <5 mm (Bermtidez
and Swarzenski, 2021) are of concern, and pose potential risks to ani-
mals as they are small enough to be ingested, and can disrupt biological
processes and cause damage. The disintegration and degradation of MPs
may yield nanoscale plastics (<1 pm), which may be more hazardous,
given that the smaller size confers greater reactivity, but also perme-
ation across cellular membranes (Wang et al., 2022; Kopatz et al., 2023;
Li et al., 2023). This could subsequently lead to the uptake of nanoscale
plastics by plants, the soil biome, and the potential for trophic transfer in
the food web.

The cycling of plastics in the environment is an emerging research
priority (Hu et al., 2022), and such research can be used to help mitigate
plastic exposure to organisms of concern. The identification of MPs in
the wastewater stream is of particular concern, as municipal biosolids
(MBs, sludges) derived from wastewater treatment plants (WWTPs) are
frequently amended to fields as a fertilizer (Nizzetto et al., 2016). This
process can lead to elevated concentrations of MPs in soil systems, as
most MPs are retained within the sludges (He et al., 2018; Crossman
et al., 2020; Naderi Beni et al., 2023; Radford et al., 2023; Sivarajah
et al., 2023). Currently, while there are some methods that have been
used to assess microplastics in soil, there is a lack of standardized and
harmonized methods that cover the range of terrestrial soil types often
found in agricultural landscapes. Therefore, developing tools and testing
methods for extracting and examining MPs from agricultural soils,
including those enriched with municipal MBs is critical to better un-
derstand and address gaps related to characterizing the fate and effects
of MPs in terrestrial systems.

While microplastics have been measured in a range of different
environmental matrices, soil represents a more complex matrix than, for
instance, water, snow, ice, or biota, which are more commonly exam-
ined with respect to MP concentrations. Therefore, in order to examine
plastic pollution within a soil sample, there is a need to separate and
remove both the mineral and organic components of the soil prior to
being able to analyze any plastics that may be present. Several tech-
niques have been tested to extract MPs from soil samples, and although a
number of best practices (ASTM D8332-20, 2014; ASTM D8333-20,
2014) exist for the extraction of MPs from aquatic samples, techniques
for soils are lacking; despite this gap, methods of analyses can be
adapted from such established protocols. Primary treatment of soils
includes manual sieving to concentrate and collect particles <5 mm
(Blasing and Amelung, 2018). Thereafter, the plastics must be separated
from the soil’s dense mineral content, or vice versa, the mineral content
removed from the samples. Several methods for this step exist in the
literature (He et al., 2021). One such technique is froth flotation, which
was adapted from the recycling industry. Here, air bubbles are created in
solution to carry the more hydrophobic particles to the surface of the
solution, although the degree of success of this method is variable
(Fraunholcz, 2004; Alter, 2005; Imhof et al., 2012). Magnetic extraction
has also been attempted, using functionalized iron nanoparticles to
attract various plastics, although non-specific binding remains a recur-
ring problem (Grbic et al., 2019; Rhein et al., 2019). Another proposed
magnet based technique is vertical density gradient separation, as this

takes advantage of added colloidal ferromagnetic particles that are
added to the mixture (Hu, 2014). A magnetic field is applied around the
mixture, separating the particles from highest to lowest densities over a
gradient. Other techniques include centrifugation and staining (Grause
et al., 2022), electrostatic separation (Felsing et al., 2018; Silveira et al.,
2018), elutriation (Kedzierski et al., 2016), and solvent extraction sep-
aration (Okoffo et al., 2020; La Nasa et al., 2021), each requiring highly
specialized equipment.

The most common technique to separate and remove the soil mineral
component is via a density separation technique (Nakajima et al., 2019)
in which a concentrated salt solution is added to the sample to allow the
MPs and organic soil components to float while the mineral component
sinks. Various salt solutions have been tested, including sodium chloride
(NaCl, 1.2 g/cm3), calcium chloride (CaCl,, 1.01 g/cms), zinc chloride
(ZnCl,, 1.5-1.7 g/cmg), or sodium iodide (Nal, 1.8 g/cm3) (Dekiff et al.,
2014; Van Cauwenberghe et al., 2015; Kim et al., 2020; Bellasi et al.,
2021; Mattsson et al., 2022). Salt solution approaches have shown some
success (Han et al., 2019) with instances of being combined with canola
oil in an attempt to improve the removal efficiency (Kononov et al.,
2022). It should be noted these techniques are effective on the scale of
MPs, but have limitations when considering nanoscale plastics (Wang
et al., 2018). Various other types of oils have also been used, as the
lipophilic properties of the plastics allow them to separate from the oils
(Crichton et al., 2017; Lechthaler et al., 2020). Once the mineral com-
ponents of the soil have been removed, the organic components can be
subjected to chemical digestion using concentrated hydrogen peroxide
(Nuelle et al., 2014; Li et al., 2019), nitric acid (Claessens et al., 2013),
alkaline solutions (Foekema et al., 2013; Herrera et al., 2018) or through
the use of a Fenton’s reagent (Hurley et al., 2018; Liu et al., 2018; Frei
et al., 2019). Should more digestion be required, enzymatic treatments
are available to break down the proteins, pectins, and celluloses still
mixed with the MPs (Cole et al., 2014; Mbachu et al., 2021; Palacios-
Mateo et al., 2023; Toto et al., 2023). Thus, methods for the extraction of
plastic particles from the soil matrix are varied in their approaches, each
with respective advantages and disadvantages.

Once the MPs are extracted, a number of techniques can be used to
quantify, identify, and characterize the recovered material. Some re-
searchers have used visual techniques, such as Nile Red stains (Maes
etal., 2017) or fluorescence microscopy (Grause et al., 2022) to quantify
the particles. Various forms of chromatography have also been used to
qualitatively and quantitatively identify the polymers, including High
Temperature Gel Permeation Chromatography (HT-GPC) (Hintersteiner
et al., 2015; Diimichen et al., 2017), Size Exclusion Chromatography
(SEC) (Elert et al., 2017), and Pyrolysis Gas Chromatography Mass
Spectrometry (Pyr GC-MS) (Fries et al., 2013), though these techniques
all require extensive sample cleanup limiting bulk processing. Ther-
mogravimetric Analysis (TGA) has seen an increase in usage as it is able
to separate mixtures of MPs and quantify each component base,
although like many of the chromatography techniques above, the sam-
ple is destroyed during analyses (Yu et al., 2019; Mansa and Zou, 2021;
Fan et al., 2023). Coupling TGA with Fourier-transform infrared spec-
troscopy (FTIR) provides the ability to identify the MPs that are com-
busting, as most plastics will do so at different temperatures (Loder
etal., 2015; Renner et al., 2017). Complementing TGA-FTIR with Raman
spectroscopy can greatly improve the identification of MPs (Qiu et al.,
2016; Cao et al., 2021; Nava et al., 2021; Sobhani et al., 2021; Dey,
2023). From these works, spectroscopic techniques have shown the
greatest promise, especially due to their generally non-destructive
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approaches.

This study focuses on the development and assessment of method-
ologies for detecting and characterizing microplastics in agricultural
soils, with a specific emphasis on soils amended with municipal bio-
solids (MBs). The research endeavors to achieve the following objec-
tives: (1) development and validation of an extraction method to
effectively isolate microplastics from soil samples, with initial testing
conducted using controlled, laboratory-prepared samples containing
spiked microplastics and biosolids; (2) characterization of the compo-
sition and identity of microplastics, particularly those falling within the
size range of 5 pm to 2 mm, present in the soil samples; and (3)
comparative analysis of results obtained from laboratory-spiked samples
and real-world field-collected samples, specifically from an agricultural
site pre-MB application and at 1-month and 1-year post-application, to
assess the reproducibility and reliability of the developed methods for
samples collected in natural environmental conditions. It is only through
a comprehensive examination of the extraction and characterization
methods that we can have greater confidence in our analysis of the field
soils, despite their inherent complexity.

2. Material and methods
2.1. Soils and biosolids

Two field-collected soils (sandy soil and clay loam soil), and raw
municipal biosolids, sourced from a secondary level wastewater treat-
ment facility with anaerobic digestion, were used throughout the study
(Table 1). Briefly, the sandy soil was collected in 2017, dried and ho-
mogenized then used without further treatment. Pre-MB treated clay
loam soil samples were collected in June 2021, with 1-month post col-
lections occurring in July 2021, and the following May 2022. Five
replicates were sampled from the field, taken within approximately 1 m
of the original collection location.

The Ontario MBs applied to land were dewatered (‘cake’ consis-
tency). For experimental purposes, the MB was applied to an area of an
agricultural field at a rate of 13 tons dry weight/ha using a Kuhn Knight
SLC 150 side discharge dry manure spreader. The MB was incorporated
into the top 15 cm of soil immediately after application using a Sun-
flower Tillage-1435 disc harrow and secondary tillage seedbed prepa-
ration (performed soon after incorporation) was conducted using a Kuhn
122 series power tiller. The MBs in the incorporation zone of the soil
were present as small aggregates (clods/clumps, Fig. S1). This resulted
in localized spatial variability of MB aggregates over the field (Lapen
et al., 2008; Edwards et al., 2009; Gottschall et al., 2010; Gottschall
et al., 2012).

For experiments where MBs were manually added to the soils in the
lab (i.e., not field-collected), the MBs were autoclaved (50 min steaming
time, 121 °C) and dried at 55 °C; thereafter, they were ground with a soil
grinder (Model SA-45, Gilson) with an attached 2 mm filter to remove
larger particulates, including large debris. All soils were also ground and
sieved, as described for the MBs prior to use. All samples were handled in
glass or stainless-steel containers to minimize plastic contamination.
Containers and instruments were pre-washed with MilliQ water (18.2
MQ-cm @ 25 °C) prior to use. Samples were covered where possible
using glass or aluminum foil.

Table 1
Mineral and organic properties of soils and MBs.
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2.2. Extraction methods

2.2.1. Extraction of PE from spiked sandy soil

The sandy soil was spiked with 0.33 wt% green fluorescent poly-
ethylene beads (PE, 38-45 pm, Cospheric) by hand mixing the sample
for 2 min. Three different density separation (flotation) solutions were
assessed to determine their effectiveness for extracting MPs and organic
component from the mineral component of the soil: CaCl, (1.32 g/cm?,
Supelco, anhydrous granules), canola oil (Selection brand), and a Nal/
NaCl mixture (1.5 g/cm?, both acquired from Sigma Aldrich, >99.5 %).
The extraction process schematic is presented in Fig. 1. In this scenario,
MBs were not amended into the soil.

Glass separators for density separation were created in-house
(Nakajima et al., 2019). The PE was mixed with 50 g of sandy soil,
and the mixture was added to the bottom separator with a stir bar. The
flotation solution was then added until half of the upper apparatus was
filled, and the mixture was stirred for 30 min. Thereafter, the solution
sat undisturbed for 24 h in order to allow the denser particulates to fall
out of the solution. After being allowed to rest, the density separator was
closed, and the top layer was collected and filtered through 5 pm steel
mesh filters (McMaster-Carr, washed with MilliQ water before being
utilized). The filters were carefully rinsed with MilliQ water to collect all
of the low-density material. The density separation process was repeated
once more and combined with the previous collection of low-density
material.

Following density separation, the Fenton’s reagent was used to digest
the collected material to remove organic matter from the sample. 0.05 M
Fenton’s reagent catalyst solution was freshly prepared with 7.5 g
ferrous sulfate (FeSO4-7H20, Sigma-Aldrich, >99 %), 500 mL Milli-Q
water, and 3 mL concentrated H>SO4 (ACP, 98 %). For an initial soil
sample size of 50 g, 25 mL of the catalyst solution and 25 mL of 30 %
hydrogen peroxide (Fisher Scientific) were slowly added over a period of
2 h to carry out the reaction, as the solution reacts quite vigorously. The
solution was left overnight and then passed through a 5 pm steel mesh
filter. Thereafter, a second density separation was performed on the
filter cake to remove any trapped soil particulates that remained; this
was then filtered one final time and dried overnight at 60 °C.

2.2.2. Extraction of MPs from MB spiked clay loam soils

A second scenario included using the field-collected clay loam soil
with no prior application of the MBs, to which a known concentration (0,
2 and 5 wt%) of MBs were added. At least 3 replicates of each were
created, extracted, and analyzed. The same methodology (i.e., density
separation and Fenton’s digestion) was used to extract the MPs from the
MB-spiked soils, although the density separation was only performed
with Nal/NaCl. A sample of pure MBs was also tested in a similar fashion
as a control (3 replicates). 50 g of soil was used for each amendment, and
the resultant low-density material collected from the density separation
was subjected to Fenton’s reagent catalyst solution, followed by the slow
addition of 30 % peroxide in a 1:1 (v/v) ratio.

Following the density separation and Fenton digestion, the filter
cakes were subjected to enzymatic digestion to further remove
extremely stable lignin and cellulose structures that were observed in
the collected filter cakes. Consecutive enzymatic treatments of 1 mL
pectinase L-40 (ASA) and 1 mL cellulase TXL (ASA) enzymes were

Soil type (region) % % % Total organic carbon Organic matter pH  CEC (cmol+/
sand silt clay (%) (%) kg)
Sandy soil (Saskatchewan) 82 12 4 1.0 1.8 6.8 -
Clay loam soil; pre-MBs application (pre MBO-15 cm depth) (Ontario) 32 37 31 1.3 2.2 57 22
Clay loam soil; 1-month post MBs application (MB 0-15 cm depth) 35 36 29 2.1 3.5 5.7 24
(Ontario)
MBs (Ontario) 25 4.3 7.3 98
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carried out in 25 mL 0.1 M NaAc (pH 5.0) at 50 °C for 24 h (Moller et al.,
2022). After each enzyme treatment, the sample was filtered (5 pm
stainless steel filter) and rinsed with Milli-Q water.

2.2.3. Extraction of MPs from field-collected clay loam soil post-MB
application

The same extraction (separation and digestion) techniques were also
applied to the field-collected clay loam soils, to which the MBs were
applied to in the clay loam soil (as described in Section 2.1). Various
initial sample sizes were tested, including 50 g, 750 g, and 2500 g, to
determine if the initial sample size affected the number of MPs extrac-
ted. As large volumes were extremely difficult to work with (separators
would become severely clogged with mud), the 750 g and 2500 g
samples were processed and divided into 150 g samples for density
separation. For the 750 g and 2500 g initial sample sizes, the digestion of
the organic components involved Fenton’s reagent catalyst solution
being added to the separated and collected soil samples, followed by the
slow introduction of 30 % hydrogen peroxide in a 1:1 (v/v) ratio. No
enzymatic digestion was applied to the field-collected clay loam soils
due to the lower amount of lignin and cellulose like materials in the filter
cake after the Fenton’s digestion compared to that extracted from the
MBs (Section 2.2.2).

2.3. Identification and quantification of microplastics

Following density separation, digestion, and filtration, the collected
materials were visually examined using an Echo Revolve Microscope
(Bico, United States, 10x magnification, bright field imaging) to observe
the presence of plastic particles. It should be noted that counting the
number of particles was not within the scope of this work, as without
confirming whether the particles observed were plastics or not, counting
of particles would be misleading. Thus, no counting was performed in
this study.

Thermogravimetric analysis (TGA) was then carried out using a
Netzsch TG 209F1 Iris (TGA-MS-FTIR) system, by heating the sample
from 40 °C to up to 1000 °C at a heating rate of 10 °C/min in an argon
atmosphere (50 mL/min) and stabilized for 1 h. The TGA was coupled to
an FTIR spectrometer (Bruker Tensor 27, Opus 8.5 software) to inves-
tigate in tandem, the sample composition (i.e., plastic chemical identi-
fication). Temperature and mass calibrations followed the
manufacturer’s recommended procedures. Typically, fifteen to twenty
milligrams of dry sample were loaded into an empty aluminum oxide
crucible that was pre-treated by annealing for about 30 s, ensuring a
total mass loss of larger than 1 mg. The FTIR spectrum was collected at

R

Fig. 1. Scheme depicting the process of extracting MPs from soil, soils amended with MBs, or MBs samples.

Density Separation

°C for 24 '/ .

Q =

about every 40 s which was determined by the operating software, with
residence time in the transfer line of about 2.5 s in principle (although
longer in reality). Thermograms were processed by excluding the mass
loss below 200 °C due to the presence of water. Independently, more
TGA analyses were also completed using a Netzsch Jupiter STA 449 F1
with the same heating rate and atmosphere. All TGA were processed
with Proteus Analysis Software (version 8.0.2) and Smoothing (7th
order) was applied to all the derived thermogravimetric curves (DTG).

From the TGA spectra, the “% PE in extracted sample” was deter-
mined based on the % mass change from the TGA spectrum between the
regions of 400 and 500 °C, as this region is the area where most polymers
are known to oxidize. The recovery efficiency of the initial PE spike was
calculated using Eq. (1).

(mdebris recovered from extraction %PE recovered)

%efficiency = €y

Minjtial PE spike

The frequency range of raw FTIR data was cut from 600 to 4000
cm ™! and then smoothed with a selected method of “Concave Rubber-
band Correction” (e.g., 10 iterations and 64 baseline points) in OPUS. A
Python 3 script in a Jupyter notebook (an open-source web-based
interactive computing platform) was utilized to compare the spectra
against a custom spectral library incorporating entries from the Open
Specy (Cowger et al., 2021) and FLoPP/FLoPP-e (De Frond et al., 2021)
open source FTIR spectral libraries of polymers. They were filtered such
that only polymers with 10+ entries were included, leaving 14 possible
search polymers (Table S1).

To perform spectral library matching, the spectral region of
750-3400 cm ! (with the exclusion of the CO4 regions of 600-750 cm !
and 2240-2400 cm ™) for the temperature range of 200-700 °C were
selected for calculating Pearson’s correlation coefficient (R) against
each entry in the library. Prior to the matching, each spectrum was
subject to Savitsky-Golay (SG) smoothing (3rd order) and adaptive
smoothness penalized least squares (asPLS) baseline correction (Zhang
et al., 2020). The resulting R-value, plastic ID, and temperature were
compiled as a Polymer Identification (PID) matching heat-map in Ori-
ginPro 2021.

Raman analysis was performed using a Renishaw inVia confocal
Raman microscope using a laser wavelength of 785 nm paired with a
1200 lines/mm grating. Measurements were made directly on the steel
mesh filter, with an accumulation time of 10 s through a 20 x/0.40 NA or
50x/0.75 NA objective in the spectral range of 720-1800 cm™! using
the SynchroScan feature. Data processing was performed using SG
smoothing and as PLS baseline correction, as with the FTIR data, and
spectra were likewise matched to a custom Raman library incorporating
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entries from Open Specy and SLoPP / SLoPP-e libraries (Munno et al.,
2020), with an R value >0.8 being considered a positive identification.

2.4. Statistical analysis

Standard uncertainties of various measurement results were calcu-
lated according to error propagation rules (GUM, 2008) by combining
all recognized significant uncertainty contributions which included
uncertainties of DTG peak area and TGA mass loss determination, initial
and extracted material weighing, and, when applicable, material
heterogeneity.

Multiple extractions were performed on the same clay loam 1-month
post-biosolids application soil at various initial sample sizes. Mass
fractions of MP in various extractions were compared against associated
expanded uncertainties using the following formula

a = (x3 —x2)/2 (u% + u%), where x; and y; are mass fraction and a

corresponding uncertainty of i-th extraction and k = 2 expansion coef-
ficient was used; a > 1 indicates that the mass fractions are statistically
different.

3. Results and discussion
3.1. Assessment of flotation solutions for density separation

The extraction (density separation and Fenton’s digestion) method-
ology was tested using a field-collected sandy mineral soil that had been
spiked with a known quantity (0.33 wt%) of green fluorescent poly-
ethylene (0.92 g/cm3) (PE) microspheres. A sandy soil was used for
these initial experiments, as opposed to the clay loam soils used in later
experiments. MBs are commonly amended to sandy soils to increase
organic matter, and the sandy soil we used also has an organic matter
component comparable to the clay loams taken from the fields (Table 1).
The method involved the use of a high-density solution to allow low
density plastics and organic material to separate from the high-density
mineral component of the soil. Three solutions were tested that were
found to have good separation within the literature: CaCls, canola oil,
and a Nal/NaCl mixture. CaCl, is dense enough to collect most common
lower density polymers and is environmentally safe as a waste solution
(Kononov et al., 2022). The oleophilic properties of canola oil allow for
the separation of MPs away from the aqueous layer for collection
(Radford et al., 2021). Nal/NaCl can create a very highly saturated so-
lution, but must also be handled and disposed of accordingly due to its
adverse effects on aquatic environments (Katsumi et al., 2022). The
spiked sandy soil was subjected to all three solutions to evaluate and
compare the efficacy of the density separation technique. After extrac-
tion, the resultant samples underwent Fenton digestion to remove any
extraneous organic matter content from the sample; the soils contained
approximately 2 % organic matter, comparable to the clay loam farm
soils used in Sections 3.2 and 3.3. The resultant filtered material was
collected and analyzed via TGA; results are provided in Fig. S2.

TGA is a process by which a sample of known mass is heated at a
known rate. As the material in the sample reaches its oxidation tem-
perature, the mass should change. The resulting mass loss will likely be
associated with one component in the soil or multiple components that
oxidize in a similar temperature range. The decomposition of PE is ex-
pected to occur at approximately (400-500) °C, which corresponds to
the largest mass loss of this polymer in all TGA curves measured from all
three extraction solutions (Fig. S2). Here the flotation solutions will be
compared in terms of the purity of the PE sample (how much of the total
mass loss in the TGA comes from the PE), and the recovery efficiency of
the initial PE spike (the mass of debris extracted divided by the initial
mass of the PE spike) (Table 2).

Here the “% PE in extracted sample” is based on the % mass change
from the TGA spectrum between the regions of 400 to 500 °C, as this
region is the area where most polymers are known to oxidize. The
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Table 2

Comparison of PE extraction from clay loam soil by density separation (flota-
tion) in various solutions (the numbers shown are the mean value + corre-
sponding standard uncertainty).

Flotation % PE in extracted Recovery efficiency of initial PE spike
solution sample (%)

CaCl, 44 + 14 42 +25

Canola oil 70+ 6 52+ 10

Nal/NaCl 88 +5 54 + 10

recovery efficiency of the initial PE spike was previously calculated
using Eq. (1).

CaCly was tested first, as it has a higher density than most common
polymers, and is quite safe to use, both for humans and the environment.
Unfortunately, CaCl, demonstrated large variability between samples,
as the % PE in the final sample over multiple runs varied drastically (44
+ 14)%. It was also only able to collect less than half of the initial PE
spike (42 + 25)%, likely owing to its comparatively low overall density.

Next, Canola oil was tested as a flotation solution. While it was found
to improve upon CaCly in terms of % PE in the extracted sample (70 +
6)% and recovery efficiency of the initial spike (52 + 10)%, far too much
of the sample is comprised of mineral and organic components from the
soil, rather than only MPs. The recovery efficiency also shows half of the
initial PE spike was not extracted, meaning too much PE remained
unextracted in the process.

The final flotation solution was a mixture of Nal/NaCl. This mixture
is able to attain the highest density solution of those tested. The use of
the Nal/NaCl solution demonstrated the highest purity of PE, i.e. (88 +
5)%, extracted from the soil, with the greatest recovery efficiency of the
initial PE spike i.e., (54 £+ 10)%. Full recovery was likely not attained
here as the plastics can remain trapped within or adhered to the soil
mineral content, and thus are weighed down (Sivarajah et al., 2023).
Nevertheless, the high density of the Nal/NaCl solution likely plays a
major role here, as the low-density PE will have an even greater pro-
pensity to float in such a solution.

As there are many polymers that have density greater than that of PE,
Nal/NaCl was also applied to the extraction of PTFE (2.2 g/cm®) from
the sandy soil to determine the effectiveness of the process for high
density polymers, as soil mixtures are likely to contain more than just
low-density PE. Although some PTFE was recoverable (Table S2), a
lower effective recovery rate occurred relative to the low-density poly-
mer (PE). As lower density solutions such as CaCly and canola oil
struggled with PE, it is unlikely they would achieve better results than
the Nal/NaCl. Therefore, Nal/NaCl was selected as the main flotation
solution for the subsequent tests.

3.2. Verification of TGA-FTIR analyses in lab-spiked MB-clay loam soil

Following a comparison of flotation solutions using the sandy soil,
the optimal solution (Nal/NaCl) was used for the extraction of MPs from
the clay loam soils (50 g) that were lab-spiked with known amounts of
MB (0, 2, and 5 wt%). The MPs were extracted using the Nal/NaCl
density separation (flotation) solution and Fenton digestion to remove
the organic matter. However, due to the presence of cellulose or
cellulose-like content in MB, this study goes beyond the normal pro-
tocols found in the literature to include an enzymatic digestion step to
further break down the cellulose in the MB control and MB spiked
samples (Moller et al., 2022). While a Fenton reagent performs admi-
rably at breaking down most organic material, the application of first a
pectinase and then a cellulase allows for the targeted breakdown of some
of the sturdier linkages found in organic material. By breaking the fibers
down further and further, MPs can be further dislodged from any ac-
cumulations of organic material that the MPs may adhere to, improving
the extraction yield.

Once the soil samples underwent both chemical and enzymatic
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digestion, the extracted materials were filtered and collected and
plastics-like particles (fiber, pellets, and fragments) were observed
under the microscope (Fig. 2). Larger brown pieces were manually
selected under the microscope and confirmed to be cellulose-like ma-
terial by Raman and FTIR (Fig. S4).

With TGA analysis, a mass loss corresponding to both cellulose (at
(~200-400) °C) and the MPs (at (~400-500) °C) was observed (Fig. 3).
When examining the Derivative Thermogravimetry curve (DTG), a
much clearer separation between these two peaks can be seen. Gauss
peak fittings were carried out on the spectra to build a calibration curve
encompassing 0 wt%, 2 wt%, and 5 wt% MB added to the 50 g clay loam
soils, respectively. Specifically, two peaks around 360 and 460 °C,
respectively (see Fig. 3a), were fitted and areas under the specific peaks
were calculated, to compare the DTG curve area against the MB con-
centration (Fig. 3b and Table S3).

The calibration curve of the area corresponding to MPs with cellulose
in Fig. 3b showed that MPs were found in the highest concentration
within the 5 g MB sample, with a subsequent decrease in MP content as
the percentage of MB in the clay loam soil decreased. When no MB was
added to the clay loam sample (0 wt%, 50 g), the concentration of MP
was low, though still detectable in the control clay loam soil (3 repli-
cates). The MP detected in the extracted samples from 2 wt% MB spiked
one (in 50 g soil) was low as well, which showed a similar area number
to the 0 wt% one. Therefore, the vast majority of measured MP from the
amended soils (in 50 g soils) came from the spike of MBs.

2D wavelength versus temperature FTIR maps were created from the
TGA-FTIR data to identify functional groups of interest (e.g., methylene,
ketone, and alkenes) with varying temperatures using a customized
macro in Fiji (ImageJ 1.53 t, Fig. 4), rather than the traditional absor-
bance versus wavelength FTIR spectrum and 3D FTIR spectra against
temperature in Fig. S5. The 2D FTIR map (see Fig. 4) highlights the types
of common functional groups that can be found during the pyrolysis of
MPs, such as —OH (broad peak around 3300 cm’l), C—H (around 2950
cm~ ! and 2850 ecm™1), C=0 (around 1720 cm™1), carbon monoxide and
carbon dioxide, mainly generated from the decomposition of plastics.

To efficiently identify the types of plastics in the collected debris, we
developed a novel method for interpreting the results, compiling them in
the form of a Polymer Identification (PID) heat-map (see more details in
Section 2.3). Herein, the identification of the strongest match appears in
red (i.e., Max R), and those with a poor-to-no-match in blue (Fig. 5).
From the PID, PET, PP, PE, and acrylonitrile butadiene styrene (ABS)
show strong R matches, suggesting they are found in the mixtures.

It should be noted that, generally, an R value of larger than 0.7 is
considered as a positive match of polymer type for FTIR spectral com-
parison (Buhl-Mortensen and Buhl-Mortensen, 2017). In the “Open
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Specy Guide Lines”, “if no matches are >0.3, the material may require

890 pm

Science of the Total Environment 907 (2024) 168007

additional processing or may not exist in the Open Specy library”
(Cowger et al., 2021). The IR spectra attained during the pyrolysis
process of TGA are in the gas phase, as opposed to the room temperature
spectra found in the two open-source libraries. For our studies of poly-
mer identification, we considered an R value >0.3 as a positive match. In
the MBs (Fig. 5a), polyethylene terephthalate (PET), polyethylene (PE)
and polypropylene (PP) were found with R values >0.3, suggesting their
presence in the sample.

To further develop the PID mapping method, TGA-FTIR measure-
ments of commercially available plastics (used as control experiments)
were applied (commercial PE, PP, and PET in Fig. S6a-c), together with
the extracted sample from 5 g spiked MB in 750 g clay loam (Fig. S6d) to
verify the matching approach. In Fig. S6a-c, the maximal R values were
clearly observed for the PE (~0.6), PP (~0.8), and PET (0.4), respec-
tively. For the sample spiked with 5 g of MB (0.7 % in 750 g soil), the
polymers with higher matching R values indicated the existence of PE,
PP, and PET, demonstrating consistency in detection across samples
with the same source of MB (Fig. S6d). The results from this initial study
indicate that MPs can be quantified in the sense of total plastics by TGA,
and the polymer types can be identified by the PID heat map from soil
samples spiked with MBs using TGA-FTIR. This indicates they should be
effective tools for use with field samples.

3.3. Analysis of clay loam soil samples treated with an unknown quantity
of MBs

With a toolset in place, analysis of MB-amended clay loam soils was
carried out using the extraction protocol from the lab-spiked clay loam
samples. Field samples were collected prior to MB application, 1-month
and 1-year post-application, each in a sample size of 50 g.

Each of these extracted samples was analyzed using TGA (Fig. 6a)
and the representative optical images are shown in Fig. 6b-d. Of the
three, the 1-month post-application sample was found to have the
greatest mass percentage of MPs (16 %, Table S4). The pre-treated (14
%) and 1-year post-application (10 %) both had lower quantities of MPs,
suggesting that after 1 year, the number of MPs in the soil is reduced
within the surface depth measured in this study. FTIR was run in tandem
with TGA, with the IR signals of some plastics (PET) being found with
relatively high confidence in the plastic ID heat-map (Fig. 7). Research is
still ongoing to correlate the IR spectra in the gas phase at varied tem-
peratures for a given ID of plastics. A collection of common plastics will
be tested on TGA-FTIR and compiled into a self-built library, with aging
and size factors taken into consideration. However, for the purpose of
this study, three top-hit plastics (PET, PE, and PP) were tested and the
resulting plastic ID heat-map shown in Fig. S6.

Raman microscopy was performed on a subset of the filtered 1-
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Fig. 2. Plastic debris extracted from a) clay loam soil lab-spiked with municipal biosolids (5 wt%) and b) pure municipal biosolids (5 g sample). 0 wt% and 2 wt% MB

in 50 g clay loam is shown in Fig. S3. Scale bars are 890 pm.
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Fig. 3. (a) TGA (left axis) and DTG (right axis) curves depicting 0 wt% (green), 2 wt% (blue), 5 wt% (black) MB addition to 50 g clay loam soil and 5 g MB (purple).
(b) Representative calibration curves showing the areas from Gauss peak fitting in OriginPro 2021, corresponding to the peak at (400-500) °C, black; and the peak at
(200-500) °C, red (including the cellulose). The error bar represents the standard uncertainty from four (4) samples for 5 g biosolid, four (4) samples for 5 wt%, three
(3) samples for 2 wt% and three (3) samples for 0 wt%.
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Fig. 4. Representative FTIR 2D map of municipal biosolids. A total of 304 FTIR spectra were collected from the thermal cycle from 300 to 1000 °C at a heating rate of
10 °C/min. The absorption bands are highlighted and can be used to identify the functional group.
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Fig. 7. PID heat maps based on FTIR spectra for 750 g a) pre-MB treated, b) one month, and c) one-year post-MB treatment clay loam soils.

month and 1-year post-application samples to confirm the presence and
identity of microplastics. Significant background fluorescence and low
signal-to-noise obfuscated the Raman scattering of most particles,
making identification difficult by this method. This also highlights the
importance of quantification and identification for bulk MPs using our
TGA-FTIR analysis method. Nevertheless, expected plastics such as PE
and PP were confirmed to be present as well as remaining cellulosic
material (Fig. S7).

Additional extractions were performed on further samples of the 1-
month post-application treatment (Fig. 8). This included performing
three extractions at 50 g initial sample sizes, two extractions with a 750
g initial sample size, and one further extraction at a 2500 g sample size.
Analysis of the results, as described above, showed that with the limited

number of extractions the mass fractions of MP in the extractions were
not statistically different between the sample sizes (50 g vs. 750 g), but
different within the same sample size (e.g., 50 g A vs. B vs. C), see
Table 3. Since the scalability of the extraction process to sample sizes
>750 g was found near unfeasible, only one large sample size extraction
(2500 g) was selected. Based on the analysis we concluded that the
material heterogeneity rather than sample size was responsible for the
mass fraction of MP variation.

The results from the analysis of the field-collected soils indicated that
the MP extraction efficiency (mass of MPs extracted divided by initial
soil mass) was quite low for the given soil samples (0.05 mg MP/g soil),
especially compared with the efficiency of the extraction on the PE ((88
+ 5) %) previously performed. The Gaussian multiple peaks fitting of the
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Fig. 8. Comparison of extractions performed on clay loam soil 1-month post-
biosolids application at various initial sample sizes. Numbers in legend repre-
sent the initial sample size of soil extracted (see also Table 3): Three 50 g, two
750 g, and one 2500 g samples.

Table 3

Comparison of multiple extractions performed on clay loam soil 1-month post-
biosolids application (the numbers shown are the quantity value =+ corre-
sponding standard uncertainty).

Sample  Mass of TGA mass fraction loss Mass of Mass fraction
debris (in %) corresponding to MP in of MP in soil
collected MP (400-500) °C debris (mg/kg)
(mg) (mg)
50g A 0.41 + 0.03 8.3 +£0.37 0.034 + 0.68 + 0.06
0.003

50 g B 1.91 4+ 0.03 4.8 +0.22 0.092 + 1.83 + 0.09
0.004

50¢gC 1.90 + 0.03 5.3 +0.24 0.100 £+ 2.01 +0.10
0.005

750 g 100 + 12 3.1 +0.14 3.1+04 4.15 + 0.53

A

750gB 660 + 12 5.3 £0.24 35.2+ 47.0 £ 2.3
1.7

2500 g 180 + 12 10.3 &+ 0.46 185 + 7.41 + 0.60
1.5

DTG curve within the (400-500) °C range yielded a fitted area ranging
from 33.2 to 102.5 (as shown in Table S5) when analyzing soils of 50 g to
2500 g from the 1-month post-MB application. These values correspond
to the presence of 1 g to 2.5 g of MBs in the clay loam soil, determined
based on the calibration curve (Fig. 3b). In a control experiment, 750 g
of clay loam soil was added with 0.7 wt% MBs (equivalent to 5 g of MBs,
Fig. S6d). The TGA-FTIR analysis revealed the identification of plastics
similar to those observed in pure MBs and in soil spiked with 5 wt% MBs
(Fig. 5).

Upon applying Gaussian fitting to the DTG curve within the
(400-500) °C range for the 750 g soil samples from the 1-month post-MB
treatment, an area value of 33.2 was obtained (for the 750 B in Fig. 8,
also see Table S5). Notably, this area value concurs with the outcome
derived from the analysis of the 750 g soil sample spiked with 5 g of MBs,
which yielded an area value of 52. This outcome underscores the in-
fluence of the quantity of soil samples analyzed in determining the
concentration of MPs in the 1-month post-MB treated clay loam soil.
Nonetheless, the results consistently indicate that approximately (0.5-5)
wt% of MBs persisted in the clay soils, with the range reflecting the
analysis of samples ranging from 50 g to 2500 g.

As the extraction method was shown to recover a large percentage of
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the MPs in the spiked soil samples, it can be postulated that the number
of MPs present in the field-collected soil (with and without biosolids) is
so low, that even a small grouping of MPs can vastly change the results.
This large variation (from 0.68 mg/kg to 47 mg/kg) is likely due to the
natural heterogeneous distribution of the MBs (cake) aggregates to the
field via the commercial scale application and biosolids-soil incorpora-
tion process (Gottschall et al., 2012), which can create pockets of low
and high concentrations of MB derived constituents in the field. This
makes sense when one considers the method for MB distribution, in
which a manure spreader releases the waste solution in an arc from a
central nozzle on the holding tank, inevitably gaps on the field where
MBs will not be dispersed. The MBs that are distributed will also be
dispersed on the surface of the soil, where it is much more easily dis-
lodged than if it was introduced deeper into the soil. This can be visu-
alized further when we compare the mass of the MPs extracted
compared to the initial mass of soil, where on the whole more MPs were
found in the larger initial soil samples (Tables 3 and S5). As these
encompass a larger sampling size that would more readily capture
biosolid aggregates in the sample. This is important to consider within
the context of what soil invertebrates may be exposed to via these types
of applications.

Moreover, the field soil environment is dynamic in terms of the
factors that redistribute (i.e., water/wind drivers and soil management
practices like tillage), sequester, and transform MPs over time (Cross-
man et al., 2020; Ding et al., 2020). For example, soil characteristics,
such as soil density and depth, have been shown to increase the retention
of MPs in soil, as MPs that have been inserted deeper into the soil are
retained longer than those closer to the surface where weathering and
human activity are more likely to disturb the soil. (Crossman et al.,
2020). Also, the presence and activity of soilorganisms also influence the
retention of MPs, as arthropods (Maal et al., 2017), fungi (Wick et al.,
2007), and earthworms (Rillig et al., 2017) have all shown the ability to
actively transport MPs through the soil or create pores to facilitate MP
movement through the soil environment. Given the heterogeneous
structure and nature of soils in the field, sampling strategies must be
sufficiently robust to capture the distribution of the MPs within and
across the treatment field; this includes being able to capture the spatial
variability of MB applied to soil, but also repeated sampling over several
time points, as soil is subject to rain, wind, and animal activity
throughout the seasons.

4. Conclusions

A great number of tools will be necessary to not only analyze MP
pollution within terrestrial systems, but also characterize the risk to
organisms within these systems, crops being produced, and to human
consumption. This study has shown that MPs within soil and municipal
biosolids can be collected, identified, and quantified using readily
available techniques; however, more effort is required on sample design
and collection, given the natural heterogeneity of soils, heterogeneity in
amendment practices (e.g., biosolids application), and variability in the
occurrence of pollutants. The MP spiking experiments demonstrate the
efficacy of density separation and organic enzymatic digestion tech-
niques that allow for the collection of MPs with reasonable recovery. The
TGA has shown that a mixture of MPs can be quantified within a field
sample, with FTIR being able to identify the different polymers. For the
clay loam field soils, challenges with repeatability occurred between
samples, even when collected within a few meters of sampling. This is a
reflection of the natural spatial heterogeneity in the distribution of MBs
over the field as a result of commercial scale land application practices.
Therefore, sampling designs will be critical as we continue to understand
plastic cycling in the terrestrial environment, and more specifically in
agricultural landscapes where soil amendments are common. In addition
to sampling, both characterization and recovery of spiked samples will
be integral to the chemical analysis of environmentally-derived samples.
Characterization libraries must also be expanded to take into account
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changes to the MPs that will occur in the environment through either
anthropogenic or natural processes. For example, wastewater and bio-
solids are subject to a variety of treatment processes (e.g., aerobic and
anaerobic digestion, microbial or enzymatic processes, etc.) that will
influence the type and quantity of MPs that will accumulate within.
Moreover, natural weathering processes that MPs become exposed to
will also affect their spectra in IR compared with pristine samples (De
Frond et al., 2021), or their overall absorptive and solubility properties
(Ho et al., 2020; Aghilinasrollahabadi et al., 2021; Yang et al., 2021).

This study helps lay out some of the issues studying MPs in complex
soil matrices, but by carrying out this work, we can suggest improve-
ments in a number of areas that will help minimize constraints on MP
characterization. Firstly, due to spatial variability issues associated with
commercial scale land application practices, it’s crucial to invest in
standardized, robust sampling protocols to ensure representation of MBs
(and MPs) distributed in a field environment. Secondly, we recommend
further exploration and refinement of density separation and enzymatic
digestion methods for efficient MP collection in environmental analysis.
These techniques have shown promising recovery rates, particularly
targeting plastics. The enzymatic digestion in particular could lead to
improvements in extraction efficiency, as it has been designed to break
down the organic material in a top-down manner. Thirdly, TGA and
FTIR proved valuable for quantifying and identifying MPs in field
samples. To account for environmental changes, it’s important to
expand characterization libraries. While these methods can be time-
consuming, they provide concrete data, especially when coupled with
computer-assisted analysis algorithms, making them a valuable toolkit
for MP analysis in soil and biosolid samples. Moreover, enhancing MP
analysis with diverse biosolid, soil, and MP types can also improve our
understanding of the fate and transport of MPs resulting from land
application practices. Finally, to gain a comprehensive grasp of plastic
pollution in soils, long-term monitoring should be considered. This
approach should encompass not only spatial variations but also integrate
elements such as depth and time into sample collection and analysis
protocols. This holistic perspective helps build a more complete picture
of the issue over time. This together, with balancing efforts to improve
sample collection design, within and across field samples, with time, and
integrating elements such as depth and time, will allow the true nature
of plastics pollution in soils to be revealed.
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