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Microplastics are an environmental issue of global concern. Although they have been found in a range of

environments worldwide, their contamination in the terrestrial environment is poorly understood. The

lack of standardised methods for their detection and quantification is a major obstacle for determining

the risk they pose to soil environments. Here we present a systematic comparison of microplastic

extraction methods from soils, taking into account the characteristics of the soil medium to determine

the best methods for quantification. The efficiency of organic matter removal using hydrogen peroxide,

potassium hydroxide and Fenton's reagent was measured. Soils with a range of particle size distribution

and organic matter content were spiked with a variety of microplastic types. Density separation methods

using sodium chloride, zinc chloride and canola oil were tested. Recovery efficiencies were calculated

and the impact of the reagents on the microplastics was quantified using Attenuated Total Reflectance

(ATR) Fourier Transform-Infrared (FTIR) spectroscopy. The optimal organic removal method was found

to be hydrogen peroxide. The recovery efficiency of microplastics was variable across polymer types.

Overall, canola oil was shown to be the optimal method for density separation, however, efficiency was

dependent on the amount of organic matter in the soil. This outcome highlights the importance of

including matrix-specific calibration in future studies considering a wide range of microplastic types, to

avoid underestimation of microplastic contamination. We show here that methods for extracting

microplastics from soils can be simple, cost-effective and widely applicable, which will enable the

advancement of microplastic research in terrestrial environments.
Introduction

Microplastics have been found globally in a wide variety of
environments.1 However only 3.8% of studies had, until
recently, investigated microplastics in terrestrial soils.2 This is
despite the close proximity of terrestrial environments to many
potential sources, as a large proportion of plastic waste is
generated and disposed of on land.3 So far, high concentrations
of microplastics have been found in soils.4–6 Scheurer and Big-
alke7 found evidence for microplastics in 90% of tested soils,
indicating there is a high likelihood of widespread contami-
nation. It is necessary to measure and quantify the amount of
microplastics in the terrestrial environment over a wide range of
spatial and temporal scales to enable the risk of adverse effects
to be determined. However, studies of this sort are currently
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limited by the lack of suitable methods for quantifying micro-
plastics in soils.

There is in general, an absence of standard operating
procedures for quantifying microplastics in the environment
and this is especially the case for soils, which can be extremely
complex matrices.8 Soils are heterogeneous solid mixtures
comprised of minerals with a range of particle size distributions
and organic matter at varying stages of decomposition.9 The
complexity of organo-mineral interactions and the variability of
soil media makes the collection of soil microplastic data chal-
lenging, although it is recognised as an important emerging
issue.10

Initial attempts have been made to quantify microplastics in
soil. Density separation methods are some of the most
commonly utilised techniques to isolate microplastics from
environmental matrices. These methods isolate microplastics
using high density saturated salt solutions, such as sodium
chloride (NaCl, 1.2 g cm�3), sodium bromide (1.4 g cm�3) and
zinc chloride (ZnCl2, 1.7 g cm�3).7,11,12 Lower density solutions
tend to be cheaper and less hazardous, but higher density
solutions are required to extract more dense polymers such as
polyvinyl chloride (PVC, 1.16–1.58 g cm�3) and polyethylene
terephthalate (PET, 1.37–1.45 g cm�3).13–15 Alternatively, oil
Anal. Methods, 2021, 13, 1695–1705 | 1695
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extraction methods have been developed, which use a combi-
nation of low density oil and the oleophilic property of plastic to
accumulate microplastics in a layer of oil above an aqueous
solution.16,17 Additional techniques such as ultrasonication18,19

and centrifugation15 may also be used to enhance these
extractions.

While density separation techniques tend to target the
inorganic fraction of a sample, organic matter, which has
similar density to many types of plastic,9 can obscure the
detection of microplastics and interfere with identication.20 To
overcome this problem, digestion methods to remove the
organic matter have been used. Established soil organic matter
digestion techniques involve strong acids;21 however they are
not recommended for microplastic studies as they are
damaging to some polymers.22 Instead, potassium hydroxide
(KOH), hydrogen peroxide (H2O2), and enzymatic treatments
may be used with minimal impact on microplastics.23 Enzy-
matic treatments have been used successfully for less complex
environmental samples (e.g. water and marine sediments).24

However, the complex mixture of organic matter in soil is likely
to require multiple types of enzymes to fully remove organic
material which may become complex and costly.25,26 Chemical
digestion methods have a broader specicity and are more
likely to target a larger proportion of the soil organic matter.

Hydrogen peroxide is particularly effective at removing
organic material in soil13 and can be used in combination with
an iron catalyst (Fenton's reagent) to accelerate the reaction.
Fenton's reagent has been shown to be particularly effective in
sludge and soil samples.6,25,27 Increasing temperature may also
enhance organic removal,28 although this should be limited to
50 �C to remain within the heat deection limits of most
common microplastics.23,29

An additional consideration of these methods is the sample
matrix characteristics. In soils, this includes chemical and
physical properties such as organic matter content, particle size
distribution, pH, and bulk density. It is very likely that proper-
ties such as these impact the efficiency of extraction methods,
similar to the matrix effect seen in analytical chemistry tech-
niques, where the sample matrix characteristics inuence
Table 1 Microplastic types used in spiking experiments: polymer type, s
literature recording of polymer types59,60a

Resin code Abbreviation Shape Size (mm)

1 PET Fragment 0.5–1 mm
Fibre 1–5 mm

2 HDPE Fragment 0.25–0.5 mm
0.5–1 mm

3 PVC Fragment 0.25–0.5 mm
0.5–1 mm

4 LDPE Fragment 0.25–0.5 mm
0.5–1 mm

5 PP Fragment 0.5–1 mm
Fibre 1–5 mm

6 PS Fragment 0.25–0.5 mm
0.5–1 mm

a PET, polyethylene terephthalate; HDPE, high-density polyethylene; PVC,
polystyrene.

1696 | Anal. Methods, 2021, 13, 1695–1705
quantication and identication of contaminants.30 Some
studies have started to incorporate matrix characteristics into
microplastic extraction method design, for example, testing the
difference between sandy and clay soils.19 It has been suggested
that different methods for extracting microplastics from soil
should be applied depending on the proportions of clay and
organic matter.2 However, most studies lack a matrix charac-
terisation, which is particularly important in soils due to their
heterogeneous and variable nature. Method suitability must
consider the impacts of reagents on microplastics31 and
microplastics recovery efficiency. This is particularly important
as some studies report recovery efficiencies of 85–100% (ref. 14)
while others are much lower (5 to 75%).32

In this study, the aim was to systematically explore and
validate methods for extracting microplastics from soils, taking
sample matrix characteristics into consideration. Organic
removal efficiency and density separation techniques were
tested in soils with a range of organic content and particle size.
These techniques were combined to establish the most effective
extraction methods for a range of microplastics types. Methods
were further validated for use by assessing the physical impact
on, and subsequent ease of identication of, microplastics. The
outcomes of these trials can inform future studies looking to
quantify microplastics in soil, enabling the most suitable
method to be chosen based on the sample characteristics.

Methods

Methods of extraction were tested in four stages by measuring
(1) the organic matter removal efficiency of selected digestion
methods, (2) the extraction efficiency of spiked microplastics
with and inorganic soils using density separation techniques,
(3) the efficacy of these methods when combined on organic
soils and (4) validation by assessing the impact of extraction
reagents on microplastic identication.

Microplastics spikes

A mixed microplastic standard for spiked recovery was created.
Consumer materials were used to create fragments and bres
hape, size, colour and original product. Density information relates to

Colour Original product Density (g cm�3)

Blue Drinks bottle 1.37–1.45
Green Cra ribbon
Pink Cleaning product bottle 0.93–0.97

Red Table cloth 1.16–1.58

Purple Carrier bag 0.91–0.92

White Storage bottle 0.9–0.91
Purple Carpet
White Packaging 0.015–0.03

polyvinylchloride; LDPE, low-density polyethylene; PP polypropylene; PS,

This journal is © The Royal Society of Chemistry 2021
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under 5 mm in size33 of polymers representing the six main
resin codes (Table 1).34 Fragments were created using a house-
hold coffee grinder and separated into small (0.25–0.5 mm) and
large size fractions (0.5–1 mm), and bres were cut to size (1–5
mm). Polymer type was identied by material labelling and
conrmed using Attenuated Total Reectance Fourier-
Transform Infrared spectroscopy (ATR FT-IR) (Frontier, Perkin
Elmer) with Spectrum infrared spectroscopy soware (Perkin
Elmer). Microplastic spikes were chosen with distinct charac-
teristics making identication and separation from contami-
nation sources possible. Each sample tested for recovery
efficiency was spiked with ve particles of each type of micro-
plastic particle (n ¼ 60) and shaken thoroughly prior to treat-
ment to ensure microplastic distribution.

Soil materials

Soil materials for testing were specically created for experi-
mental procedures. The organic fraction of soils was repre-
sented by a commercial compost (John Innes Manufacturers
Association approved, no. 1 compost, sieved to 2 mm to remove
large debris) and the inorganic fraction was a ne sand. The two
materials were mixed in varying ratios to form representative
soils with specic levels of organic matter content. For soils of
purely inorganic content the focus was particle size composi-
tion. Particle size was classied according to the Wentworth
Scale,35 where clay particles are <4 mm and sand particles are
0.125–2mm. A clay material (Bentonite, Sibelco) wasmixed with
a ne sand (85.6% sand) in varying ratios to form six distinct
soil types (see ESI, Table S1†). Organic matter content was
measured in all samples using loss-on-ignition (LOI) at 550 �C
and particle size distribution was analysed using the hydrom-
eter method.36 Unless otherwise stated, soils categorised for
organic matter removal experiments as ‘high organic’ had an
organic matter content of 73% (�0.6 SE) and ‘low organic’ had
12% (�0.9 SE). For each sample (both organic and inorganic),
10 g of soil was used.

Organic matter removal

The initial phase aimed to assess the amount of organic matter
that could be removed from soil. Digestion treatments were
tested on samples of low and high organic matter content to
represent the extremes likely to be found in the environment,37

carried out in glass jars (330 mL capacity) and repeated three
times per treatment for each sample type.

Fenton's reagent (H2O2, 30% w/v + Fe2+ catalyst, Fisher
Scientic), H2O2 (30% w/v, Fisher Scientic) and KOH (10% w/v,
Fisher Scientic) were selected for testing based on their re-
ported organic removal efficiency and low impact on micro-
plastics.23,25,38 For H2O2 and KOH treatments, a 50 mL aliquot
was added to each sample. Fenton's reagent digestion was
carried out using 25 mL of H2O2 with 25 mL of iron catalyst
(FeSO4$7H2O, 1 g L�1, Fisher Scientic) adjusted to pH 3 with
concentrated sulphuric acid (H2SO4, 95% v/v, Fisher Scientic),
an ice bath was used to control the maximum temperature of
the reaction to 50 �C until there was no longer a visible reaction.
All samples were then placed in a shaking incubator at 100 rpm
This journal is © The Royal Society of Chemistry 2021
at 50 �C for 24 hours or until all liquid had evaporated. The
samples were then dried at 105 �C overnight, organic content
was measured again in triplicate and the quantity of removed
organic matter calculated. Each digestion was repeated on
separate samples at 40 �C to assess the effect of temperature on
digestion efficiency. Digestion treatments were additionally
tested in combination with a dispersant, with the aim of
dispersing the soil particles prior to digestion maximise organic
removal efficiency. In separate samples, 50 mL of sodium hex-
ametaphosphate (Na6P6O18, 1% w/v, Fisher Scientic) was used
to soak samples for 24 hours prior to digestion, and each
digestion process was then completed on the samples as stated
above at 50 �C.
Density separation

Microplastic recovery experiments were conducted using
density separation methods to assess efficiency of microplastic
separation from inorganic samples only. Each method was
tested on six soils with distinct particle size composition in
triplicate. Three different density separation media were tested:
ZnCl2 (1.7 g cm�3, APC pure), NaCl solution (1.2 g cm�3, food
grade), and canola oil (food grade).

For ZnCl2 and NaCl trials, 300 mL was added to the sample.
The lid was tightly sealed and shaken vigorously by hand for 30
seconds to ensure full contact between the density separation
medium and the sample, before leaving to settle overnight to
allow dense particles to settle out. The top layer of the sample
was then removed using an overow method,39 where excess
ZnCl2 or NaCl was gently added to the jar to spill the top layer of
the sample into a surrounding glass crystallising dish and used
to rinse the sides and inside of the lid of the jar.

Canola oil separations were conducted based on the method
developed by Crichton et al.16 100mL of distilled water and 5mL
of canola oil was added to each sample and again, shaken for 30
seconds. An additional 200 mL of distilled water was added into
the jar to create a further separation between the top layer of
canola oil and the bottom of the jar. This solution was then
placed in an orbital shaker for 2 hours at room temperature,
100 rpm. The solution was then le to settle overnight, aer
which the canola oil layer was extracted with the same overow
method using distilled water. The overowed layer of each
treatment, containing microplastics, was then vacuum ltered
onto a glass bre lter (Whatman GF/A, 1.6 mm). The overow
process was completed twice per sample, from initial shaking to
vacuum ltering, to achieve maximum extraction efficiency
within a reasonable timeframe (see ESI, Fig. S2† for details). All
lters were inspected under a low power microscope (Nikon
SMZ1000, x40) and recovered microplastics were counted,
distinguishable from contamination by their chosen colours
(Table 1).

Each protocol with the density separation media was sepa-
rately run and tested with ultrasound to break up the soils. Aer
each time a sample was shaken it was subjected to 5 minutes of
ultrasound in an ultrasonic bath (37 Hz, Fisher Scientic:
FB15055). Samples were then overowed, ltered and analysed
as above.
Anal. Methods, 2021, 13, 1695–1705 | 1697
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Method combinations

To combine extraction methods, organic removal was included as
an additional step prior to density separation in samples with
organic matter. Informed by the results of the organic removal
efficiencies (§results, organic matter removal), H2O2 at 50 �C was
chosen as the optimum digestion method and was used in
combination with each of the density separation methods. Each
combined method was tested on samples with a range of organic
matter content, ranging from 0.2–72% (n ¼ 18 per method).

For the digestion, 50 mL of H2O2 was added to each sample
and additional 50 mL once not visible reaction occurred to
ensure maximum digestion. The samples were then heated and
shaken (50 �C, 100 rpm) until all remaining liquid had evapo-
rated. Using the same methods as stated previously (§methods,
density separation), ZnCl2, NaCl and canola oil extractions were
carried out on samples. Recovery efficiencies were calculated for
each sample.

Method reagent impact on the physical and spectroscopic
properties of microplastics

To complete the validation, the impact of each method on the
plastics was tested. Each type of microplastic particle used as
a spike was exposed separately to each treatment involved in the
methods in the absence of soil. Spikes subjected to H2O2, KOH
and Fenton's reagent were tested at 40 and 50 �C to evaluate the
effects of the digestion methods. Each of the microplastic types
were added to glass vials containing 1 mL of each of the
reagents, then heated to 40 �C or 50 �C for 24 hours and
removed for analysis. Similarly, the digestion methods were
evaluated by exposing each of the microplastic types to 1 mL of
ZnCl2, canola oil, and NaCl in glass vials. The effects of ultra-
sound were separately measured by adding 1 mL of distilled
water to vials containing the microplastics and exposing them
to the ultrasound treatment.

Virgin and exposed microplastics were analysed using ATR
FT-IR with a wavenumber range of 4000–600 cm�1 with spectral
resolution of 4 cm�1. A library of virgin microplastics, which
were not exposed to any reagents, was created including each of
the 12 microplastic types used in the spiking experiments. The
spectrum of microplastics exposed to each treatment (n ¼ 3)
was compared with the virgin microplastic library and assigned
a hit quality index number (HQI, on a scale of 0–1)40 to deter-
mine the effect of chosen reagents.

Statistical analysis

Organic matter removal rates were measured by calculating the
amount of organic matter remaining in a sample aer digestion
(OMa) as a percentage of the initial organic matter content
(OMi).

Organic matter removed ð%Þ ¼ OMaðgÞ
OMi ðgÞ � 100

All statistical analyses were performed in RStudio (1.2.1335)
soware. Normal distribution of data was checked using Sha-
piro–Wilk tests and homogeneity of variance was checked using
1698 | Anal. Methods, 2021, 13, 1695–1705
Levene's test. Parametric tests were applied where assumptions
of normality and equal variance had been met.

Statistical analysis in the form of Kruskal–Wallis tests (non-
parametric), one and two-way analysis of variance (ANOVA,
parametric) were used to compare differences between group-
ings, and pairwise comparisons were made using the post hoc
analysis of Dunn's test for non-parametric and Tukey's tests for
parametric data. This analysis applied to the amount of organic
matter removed from samples with different digestion
methods, recovery efficiencies in inorganic and organic samples
using the different extraction methods, and differences in
identication hit scores for microplastics treated with the
different extraction reagents.

Differences between means were tested using a T-test and
Wilcoxon rank sum test for the amount of organic matter
removed at 40 �C and 50 �C and with initially high and low
organic content, recovery efficiencies in inorganic samples with
and without the use of ultrasound and H2O2. Correlations were
tested using Spearman's Rank to assess relationships between
particle size distribution and recovery of plastics in inorganic
samples and the relationship between percentage organic
matter content and microplastic recovery across all treatments.
Results
Organic matter removal

The three organic removal reagents worked at signicantly
different efficiencies across samples with low and high organic
content (p < 0.05, KruskalWallis test). For samples with low organic
content, removal of organic matter was similar for Fenton's and
H2O2 and both these treatments weremore effective than KOH (p <
0.05 for both, Dunn's test.). Samples with high organic content did
not show a signicant difference between the amount of organic
matter removed by Fenton's and KOH (Fig. 1), but H2O2 removed
more organic matter than both other treatments (p < 0.05 for both,
Dunn's test). H2O2 at 50 �C removed 93% organic matter. This was
signicantly more than Fenton's at 40 and 50 �C, which removed
51% and 56% organic matter, respectively (p < 0.05 for both,
Dunn's test). H2O2 at both 40 and 50 �C removed more organic
matter than KOH at 40 �C which removed only 20% in samples
with high initial organic content (p < 0.01, Dunn's test).

Temperature did not affect the efficiency of organic matter
removal in samples with initial low or high organic content (p >
0.05 for both, Wilcoxon rank sum). The amount of organic
matter removed by H2O2 was signicantly reduced by the
addition of dispersant (p < 0.001, one-way ANOVA) from 93 to
�1.9%. There was no difference between the amounts of
organic matter removed by KOH or Fenton's reagent with or
without dispersant.
Density separation

There was no signicant correlation between soil particle size
composition (i.e. amounts of clay in a sample) and total
microplastics recovery efficiency across all methods (rs ¼ 0.04, p
> 0.05, Spearman's Rank, Fig. 3). There was no signicant
difference in microplastic recovery efficiency when combining
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Organic removed by tested chemicals (Fenton's reagent, potassium hydroxide (KOH)) and hydrogen peroxide (H2O2) at 40 and 50 �C in
samples of initial high (73� 0.6% SE) and low (12� 0.9% SE). Organic matter content. Percent organic removed is reported as a mean (n¼ 3) with
95% CI error bars.

Fig. 2 Microplastic recovery for large (0.5–1 mm) and small (0.25–0.5 mm) microplastics (left) and fragments and fibres (right) across the three
different density separationmethods (zinc chloride, sodium chloride and canola oil). Percent recoveries are reported as amean (fragments: n¼ 3,
fibres: n ¼ 12, large: n ¼ 24, small: n ¼ 24) with 95% CI error bars.
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ultrasound with any of the threemethods; ZnCl2, NaCl or canola
oil (p > 0.05 for all, t-test). Ultrasound samples were therefore
not considered further. Total microplastic recovery efficiencies
from inorganic samples were different between the extraction
methods (p < 0.01, one-way ANOVA). Mean recovery efficiency
was 59% (�1.8 SE) for NaCl, 80% (�1.7 SE) for ZnCl2 and 84%
(�2.0) for canola oil extractions (Table 2). Canola oil and ZnCl2
recovered signicantly more microplastics than NaCl (p < 0.01
for both, Tukey's test) but there was no difference in total
microplastic recovery between canola oil and ZnCl2 extractions.
This journal is © The Royal Society of Chemistry 2021
The methods recovered fragments and bres with different
efficiencies (p < 0.05, one-way ANOVA; p < 0.05, Kruskal Wallis)
(Fig. 2). ZnCl2 and canola oil recovered more fragments and
bres than NaCl (p < 0.01 for all), but there were no signicant
differences in the recovery of fragments or bres between ZnCl2
and canola oil methods. There were differences in recovery of
large (0.5–1 mm) and small (0.25–0.5 mm) microplastics with
the tested methods (p < 0.05, Kruskal Wallis test; p < 0.05 one
way ANOVA). Small microplastics were better recovered with
canola oil than NaCl (p < 0.01, Tukey's test) but showed no
difference between canola oil and ZnCl2 or ZnCl2 and NaCl.
Anal. Methods, 2021, 13, 1695–1705 | 1699
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Fig. 3 Total microplastic recovery efficiencies from inorganic sediments with measuring particle size distributions using canola oil, sodium
chloride and zinc chloride. Circle size represents microplastic recovery efficiency.

Table 2 Mean recovery efficiency (+-SE) for individual microplastic types\with the tested extraction methods. Inorganic only soils were treated
with density separation alone and organic soils were treated with a hydrogen peroxide (H2O2) digestion prior to density separationa

Microplastic type

Mean recovery efficiency (%) inorganic soils Mean recovery efficiency (%) organic soils

Sodium chloride Zinc chloride Canola oil Sodium chloride Zinc chloride Canola oil

PET bre 10 (�4.0) 62 (�12) 68 (�7.5) 27 (�5.1) 59 (�11) 51 (�9.5)
PET fragment 27 (�11) 93 (�6.4) 77 (�12) 10 (�4.0) 57 (�7.5) 21 (�7.5)
Large HDPE 81 (�8.9) 89 (�7.6) 86 (�11) 42 (�6.8) 46 (�7.6) 59 (�6.8)
Small HDPE 78 (�9.0) 90 (�10) 96 (�3.1) 34 (�6.4) 32 (�5.4) 28 (�6.1)
Large PVC 38 (�12) 83 (�7.6) 96 (�2.0) 11 (�4.6) 74 (�6.6) 20 (�6.7)
Small PVC 34 (�13) 88 (�11) 99 (�1.6) 12 (�4.6) 72 (�8.9) 54 (�8.1)
Large LDPE 77 (�5.3) 80 (�14) 77 (�6.3) 34 (�7.4) 50 (�7.6) 40 (�10)
Small LDPE 97 (�15) 108 (�16) 74 (�6.2) 57 (�7.6) 54 (�8.5) 39 (�5.9)
PP bre 56 (�9.0) 51 (�11) 78 (�5.8) 47 (�6.0) 57 (�9.5) 66 (�8.4)
PP fragment 71 (�9.6) 76 (�14) 87 (�5.5) 44 (�8.9) 51 (�6.9) 60 (�6.9)
Large PS 72 (�10) 76 (�8.0) 84 (�8.0) 49 (�5.9) 50 (�8.1) 64 (�8.3)
Small PS 73 (�12) 62 (�12) 84 (�11) 22 (�3.2) 33 (�5.6) 56 (�8.2)
Mean recovery 59 (�1.8) 80 (�1.7) 84 (�2.0) 33 (�2.9) 53 (�4.4) 47 (�3.7)

a PET, polyethylene terephthalate; HDPE, high-density polyethylene; PVC, polyvinylchloride; LDPE, low-density polyethylene; PP polypropylene; PS,
polystyrene.

1700 | Anal. Methods, 2021, 13, 1695–1705 This journal is © The Royal Society of Chemistry 2021
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Large microplastics had higher recovery efficiencies with canola
oil and ZnCl2 than NaCl (p < 0.01 for both, Dunn's test) but there
was no difference between canola oil and ZnCl2 methods.

Different types of microplastics had different recovery effi-
ciencies with each of the methods of extraction (Table 2). PET
bres had the lowest recovery efficiency in both NaCl and oil
extractions with a mean of 10% (�4.0 SE) and 68% (�7.5 SE),
respectively. PP bres had the lowest recovery efficiency using
ZnCl2 with a mean of 51% (�11 SE). The highest recovery effi-
ciency in both ZnCl2 and NaCl extractions was with small LDPE
which hadmean recoveries of 108% (�16 SE) and 97% (�14 SE).
Recovery efficiencies were highest for small PVC in oil extrac-
tions (99% � 1.6 SE).

Recovery efficiencies of the densest polymers (PET fragments
and bres, and large and small PVC) were higher with ZnCl2 and
canola oil than NaCl (p < 0.05, Dunn's test). Large and small
HDPE and PS, large LDPE or PP fragments showed similar
recovery efficiencies for all three extraction methods.
Method combinations

There was a difference in the total recovery efficiency of
microplastics in organic samples when using the three density
separation methods (p < 0.01, one-way ANOVA; Fig. 4); 95%
condence intervals for each treatment ranged from 8.6 to
9.0%. In combination with H2O2 as a digestion method, ZnCl2
and canola oil showed similar microplastic recovery efficiencies
from organic samples and both recovered more microplastics
than NaCl (p < 0.05 for both, Tukey's test). There was a signi-
cant correlation between percent organic content and total
microplastic recovery efficiency using the canola oil method (r¼
�0.50, p < 0.05, Spearman's Rank); the higher the organic
Fig. 4 Recovery efficiency of total microplastics compared to organic co
density separation techniques: zinc chloride, sodium chloride and canol

This journal is © The Royal Society of Chemistry 2021
content, the lower the microplastics recovery. However, this was
not the case for NaCl or ZnCl2, which both showed no correla-
tion between percent organic content and total microplastic
recovery.

Microplastic fragment recovery efficiencies were different
across treatments (p < 0.05, one-way ANOVA). Higher recovery
efficiencies were seen for fragments using ZnCl2 compared with
NaCl (p < 0.01, Tukey's test). Similarly for large microplastics,
the recovery efficiencies were signicantly different across
treatments (p < 0.01, one-way ANOVA). ZnCl2 recovered more
large microplastics than NaCl (p < 0.05, Tukey's test) but there
was no difference between these treatments and canola oil.
Recovery efficiencies for both bres and small microplastics did
not vary between methods across all these samples (p > 0.05 for
both, Kruskal Wallis). There was no correlation between bre
recovery efficiency and organic content using any of the treat-
ments or for small microplastics using ZnCl2 or NaCl but there
was a signicant but weak negative correlation for small
microplastics using canola oil (r ¼ �0.48, p < 0.05, Spearman's
Rank).

Recovery efficiencies varied for each microplastic type with
the different methods of extraction (Table 2). PET fragments
had the lowest recovery efficiency in NaCl with a mean of 10%
(�4.0). Small HDPE had the lowest recovery efficiencies in ZnCl2
(32%, �5.4 SE) and large PVC has the lowest recoveries in
canola oil (20% �6.7 SE). Small LDPE showed the highest
recovery efficiencies with NaCl (57%, �7.6 SE), large PVC
showed the highest recovered microplastic in ZnCl2 (74%,�6.6)
and PP bres were the highest in canola oil (66%, �8.4). There
was a strong negative correlation between recovery efficiencies
of PET and small LDPE fragments and organic content using
the canola oil method; the higher the organic content, the fewer
ntent of samples using hydrogen peroxide to digest and three different
a oil.

Anal. Methods, 2021, 13, 1695–1705 | 1701
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fragments were recovered (rs ¼ �0.69, p < 0.01; rs ¼ �0.55, p <
0.05, Spearman's Rank). There were no correlations between
recovery efficiencies of any of the other types of microplastics
with organic content or density separation technique. In
combination with H2O2 digestion, multiple density separations
signicantly increased the number of microplastics recovered
using canola oil (p < 0.05, two-way ANOVA), but not with ZnCl2
or NaCl.
Method reagent impact on the spectroscopic properties of
microplastics

Organic removal treatments had minimal effects on the ease of
identication with FT-IR. All microplastics subjected to organic
removal treatments had good mean HQI (>0.7, as dened by
Renner et al., 2019). The lowest scores were for large PVC treated
with KOH at 40 �C and 50 �C, which had HQIs of 0.71, 0.77,
respectively. However, there was no overall difference in HQIs
for polymers with different chemical treatments or tempera-
tures. It was not possible to measure the HQIs for PET bres
treated with H2O2 at 50 �C or KOH at 40 �C.

There were some differences in microplastic identication
with the different density separation treatments (p < 0.01,
Kruskal Wallis). NaCl and ultrasound treatments both had
signicantly better identication HQI scores than canola oil (p <
0.01, for both, Dunn's test) and ZnCl2 (p < 0.01, for both, Dunn's
test) for overall identication. There were signicant differences
between the different types of microplastic and the identica-
tion across density separation treatments (p < 0.01, Kruskal
Wallis). Despite differences between treatments, all polymers
subjected to density separation treatments good mean HQI
(>0.7, Renner et al., 2019) with the exception of large PVC
treated with canola oil, which had a HQI score of 0.49.
Discussion

Standardised methods for quantifying microplastics in the
environment, and in particular effective methods for soils, are
urgently required. Here we have tested and validated several
methods and found differences in the efficiency based on the
reagents used and soil characteristics. The rst step of testing
organic matter digestions indicated that KOH is an unsuitable
method for removing organic matter from soils, despite its re-
ported success when used on biological samples.41 Pre-
treatment with the dispersant sodium hexametaphosphate
was deemed unsuitable as it decreased the efficiency of H2O2

and had no impact on the efficiency of KOH or Fenton's reagent;
therefore, it is an unnecessary additional step.

H2O2 and Fenton's reagent both resulted in considerable
digestion of organic matter (>70%) indicating their suitability
for removing organic matter from soils (Fig. 1). This is in line
with previous studies20 which also showed that there was
minimal difference between organic removal with both treat-
ments in intertidal sediments, although this was also depen-
dant on original organic content. We recommend here that
H2O2 is the preferred method as, although both reagents
removed similar amounts of organic matter overall, H2O2
1702 | Anal. Methods, 2021, 13, 1695–1705
removed more from soils with initially high organic content
than did Fenton's reagent. Additionally, it is a simpler method
to perform, requiring fewer reagents and reduced costs. The
reaction can be more easily controlled, as the exothermic
reaction of Fenton's reagent requires additional monitoring
and control which, if not properly regulated, may result in
temperatures >90 �C (ref. 31) leading to the likelihood of poly-
mer damage.29 As there was no difference in the efficiency of
reagents at the two temperatures tested (40 �C and 50 �C), we
suggest that processing samples at 50 �C may be optimal to
speed up processing times, allowing for larger number of
samples to be processed without altering the chemical structure
of polymers by remaining within the heat deection limits of
most common polymers.29 Additionally, prolonged exposure to
30% H2O2 may cause degradation to some polymer types and
therefore should be shortened where possible.42

In general, density separation has been developed for
aquatic sediments and different methods have been tested with
good recovery rates.43–45 Here we found that density separation
methods had differences in extraction efficiencies in both
organic and inorganic soils (Table 2). The composition of
inorganic soils had no impact on recovery rate for any of the
methods tested, similar to previous studies that have shown no
difference in recovery efficiency between ne, medium and
coarse sediments.16 This suggests that particle size does not
need to be adjusted for when applying a density separation
method when within these ranges, however it may affect to the
time required to effectively process a sample, as it relies on
particles settling out in a solution, which according to Stoke's
law denotes that the smaller the particle size, the longer it will
take to settle.32 This should be considered when calculating
density separation processing time as soils with higher clay
content may take longer to separate fully.46 We suggest that
ultrasound is not required in the density separation step of
extraction. Despite its use in previous studies,13,18,19 it did not
increase microplastic recovery efficiency in the present study
and can therefore be excluded to simplify methods.

Of the tested density separation methods, NaCl had the
lowest extraction rates from both organic and inorganic soils.
The recoveries of the higher density polymers PET and PVC,
which together make up over 17% of the global plastic
demand,47 were particularly low. Despite this clear bias towards
low-density polymers, it is a method that has been used exten-
sively since it was rst tested in 2004, predominantly due to its
low cost and limited potential for harm.11,44,48 In soils with
purely inorganic content, both oil and ZnCl2 had much higher
recovery rates than NaCl and which extended across the
different polymer types. Extraction with canola oil recovered the
most small microplastics so is preferential for extractions from
soils with high inorganic content, as environmental samples
tend to be dominated by smaller microplastics.32,49,50 Addition-
ally, ZnCl2 can be more expensive, more hazardous to work
with, and more toxic to aquatic biota, whereas oil offers a cheap
and relatively safe method.16 It is important to note that in some
cases recovery rates exceeded 100%, this may be a result of
fragmentation of the microplastic particles during the extrac-
tion process, or possibly due to contamination of the initial soil
This journal is © The Royal Society of Chemistry 2021
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Table 3 Overall recommendations of method suitability for extracting
microplastics from soils of low (<30%) and high (>30%) organic content

Reagent

Suitable for use on
low organic
soils? (<30%
organic matter)

Suitable for use on high
organic soils? (>30%
organic matter)

Organic
removal

Hydrogen
peroxide

Yes Yes

Fenton's
reagent

Yesc Yesc

KOH n/a No

Density
separation

Oil Yes Yesa,b

Zinc
chloride

Yes Yesa

Sodium
chloride

No No

a Rinsing with ethanol is required to minimise impacts on
identication of microplastics. b To be used only on soils of lower
organic content. c To be used with caution to avoid exceeding polymer
heat deection limits.
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mixtures. Blank media are not usually analysed in spiking
studies of this kind, and while the occurrence in the soils of
identical microparticles to those we introduced is unlikely, this
highlights the importance of including contamination
measures and controls when processing environmental
samples to minimise the risk of microplastic contamination.51

In soils containing organic matter, extraction efficiencies
were generally much lower (Table 2). The organic fraction of
soils increases the difficulty of microplastic extraction, even
with the addition of a digestion step.9 In this case, canola oil
and ZnCl2 showed similar overall recoveries, however the canola
oil method was more obviously impacted by the presence of
organic matter as extraction efficiency decreased as organic
content increased, particularly for PET fragments and small
LDPE. This highlights the importance of including a digestion
step to reduce this effect, particularly in environmental samples
where microplastics are likely to be coated or aggregated with
biological material, which may further reduce efficiencies.17

Additionally, it is important to note that, even with high effi-
ciency, there was high variability in microplastic recovery within
treatments for organic soils (Table 2), this is likely due to the
collection of non-plastic material which may obscure the iden-
tication and analysis of microplastic particles,24 again, sug-
gesting the high importance of the digestion step.

We recommend here that canola oil can be used for soils
with low organic content, but ZnCl2 is required to obtain
sufficient extraction efficiencies in soils with higher organic
matter content (>30% (ref. 52)). We anticipate that the canola oil
method will be suitable for the large majority of soil types as
organic matter rarely exceeds 30%.53 Only soils with high
organic content, for example peats,54 will exceed this and
require the use of ZnCl2. When ZnCl2 is used it must be carefully
considered in terms of hazards to operators and environmental
concern, and precautions must be taken to reduce its
impact.12,55 Alternatively, salt solutions with densities higher
than NaCl but less hazardous than ZnCl2, such as calcium
chloride (1.46 g cm�3) may be explored as an intermediate
between the two.16 Additionally, the oil extraction method may
be further optimised by using alternative types of oil, e.g. castor
oil, which may be more efficient at extracting microplastics due
to their higher viscosity,17 although this may further reduce
suitability for soils with high organic matter content. Further-
more, we recommend that, as simulated soils were used here,
these methods may require further adjustment to account for
the natural variability in environmental samples as recovery
may vary depending on specic soil conditions including the
type of organic and minerogenic matter present. We also
suggest that the methods recommended here will require
tailoring to the required sample size to ensure maximum effi-
ciency, as particularly the canola oil method may require
different ratios of reagents for larger sample volumes.56

Little impact was seen on the identication of microplastics
treated with the method reagents, with the majority of HQIs
above 0.7. This was expected as reagents were chosen for their
previously reported low impact on plastic particles.25,31,38 PVC
proved to be most susceptible to the tested reagents as it
returned the lowest hit scores. This may be due to the
This journal is © The Royal Society of Chemistry 2021
characteristically broad C–Cl peak of PVC seen at 690 cm�1

which is at the edge of the spectral range measured (4000–
650 cm�1).57 This suggests that consideration of visually
matching to reference spectra when identifying PVC with FT-IR
is required, and that a more conservative assessment of hit
scores may be required to avoid false identication. Addition-
ally, a decrease in HQI scores was seen for some polymers
treated with canola oil and ZnCl2. This may be due to the high
viscosity of both liquids and hydrophobicity of canola oil, which
results in residues remaining on the particles that reduced ease
of identication.40 It is therefore important that a cleaning step
(e.g. alcohol rinse) to remove these residues should be further
considered.16

This study is the rst to compare systematically different
methods for extraction of microplastics from soils, and high-
lights the importance of considering sample characteristics
when selecting a method for extracting microplastics. Sample-
dependent efficiencies should be considered and applied
when quantifying microplastics in environmental samples
(Table 3), similar to the principle of matrix-matched calibra-
tions used in other areas of analytical chemistry.58

Microplastic recovery efficiency is dependent on the polymer
type, shape and size, therefore we suggest that study-specic
calibrations using a range of different polymers with different
shapes and sizes similar to those used here are employed to
account for this variation. It should also be considered that
weathered microplastics and those smaller than the size ranges
used in this study remain a challenge despite being highly likely
to be found in the environment,32 therefore should be consid-
ered in future studies, particularly as their respective fragility
and large surface area to volume ratios may increase suscepti-
bility to chemical degradation. Additionally, the type of recovery
microplastics should be tailored to the type of microplastics
Anal. Methods, 2021, 13, 1695–1705 | 1703
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considered within a study as, if a study aims to consider smaller
plastics, it should use spiking plastics within that size range.
Environmental samples tend to show large compositional
differences in types of polymer found,7 including different
shapes and sizes5,15 making it especially important to establish
methods that will account for this and avoid an underestima-
tion of environmental microplastic concentrations.

Conclusions

We recommend that for the majority of common soils, which
are likely to have low organic matter content, the preferred
method for extracting microplastics from soils involves
a digestion step using H2O2 at 50 �C to remove organic matter
followed by a canola oil density separation. These methods
proposed do not require specialized equipment, are relatively
cheap and have reduced complexity to extract microplastics
from soils, while minimising environmental impact and hazard
to operators. This approach meets the need of the microplastics
research community to allow for method harmonisation,
however it is clear that method efficiency must be accounted for
to prevent underestimation of microplastic concentrations and
study-specic calibrations must be employed to enable high
accuracy within studies. This will allow for the expansion of
future research and a greater understanding of microplastic
concentrations in soils.
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