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HIGHLIGHTS GRAPHICAL ABSTRACT

Sludge holds microplastics that could
enter soils by sludge disposal.

31 fields that underwent sludge applica-
tions at different rates were evaluated.
Microplastics were found in soil sam-
ples (0.6-104pg~1).

Microplastic counts increased where in-
creased rates of sludge were applied.
Sludge is proposed as a primal driver of
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Article history: Microplastics are emerging as a steadily increasing environmental threat. Wastewater treatment plants effi-
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ciently remove microplastics from sewage, trapping the particles in the sludge and preventing their entrance
into aquatic environments. Treatment plants are essentially taking the microplastics out of the waste water
and concentrating them in the sludge, however. It has become common practice to use this sludge on agricultural
soils as a fertilizer. The aim of the current research was to evaluate the microplastic contamination of soils by this
practice, assessing the implications of successive sludge applications by looking at the total count of microplastic
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particles in soil samples. Thirty-one agricultural fields with different sludge application records and similar
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edaphoclimatic conditions were evaluated. Field records of sludge application covered a ten year period. For all
fields, historical disposal events used the same amount of sludge (40 ton ha~! dry weight). Extraction of
microplastics was done by flotation and particles were then counted and classified with the help of a microscope.
Seven sludge samples were collected in the fields that underwent sludge applications during the study period.
Soils where 1, 2, 3, 4, and 5 applications of sludge had been performed had a median of 1.1, 1.6, 1.7, 2.3, and
3.5 particles g~ dry soil, respectively. There were statistical differences in the microplastic contents related to
the number of applications that a field had undergone (1, 2, 3 <4, 5). Microplastic content in sludge ranged
from 18 to 41 particles g~!, with a median of 34 particles g~'. The majority of the observed microplastics were
fibers (90% in sludge, and 97% in soil). Our results indicate that microplastic counts increase over time where
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successive sludge applications are performed. Microplastics observed in soil samples stress the relevance of
sludge as a driver of soil microplastic contamination.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Human activities are directly responsible for aquatic and terrestrial
microplastic contamination. In recent years, more research has been
performed to assess the different sources of microplastics and their rel-
ative impact on the environment (Auta et al., 2017; Bldsing and
Amelung, 2018; He et al., 2018; Ng et al., 2018; Pinto da Costa et al.,
2018). Historically, researchers have mainly focused on examining the
effects of plastic contamination arising from general littering, plastic
waste dumping, and inappropriate management of landfill sites (Duis
and Coors, 2016). However, over the last few years, this focus has
grown to include environmental concerns arising from techniques
used in the agricultural sector. The common agricultural practices of dis-
posing of plastic mulching, water pipes, and plastic greenhouse covers
have begun to raise concerns (Steinmetz et al., 2016; Brodhagen et al.,
2017; Zhang and Liu, 2018). Although there is evidence supporting
the fact that wastewater sludge used as a soil amendment could also
be contributing to soil contamination (Zubris and Richards, 2005), a
field evaluation further examining the effects of this practice has not
yet been carried out.

Wastewater is a main source of microplastic contamination in fresh-
water environments. Wastewater is capable of transporting plastics
from many different sources. Horton et al. (2017) observed that storm
drains in the UK, for example, carry considerable amounts of synthetic
fibers. In fact, synthetic fibers are a major source of microplastics in sew-
age (Ziajahromi et al,, 2017; Henry et al., 2019). Fibers from textile ma-
terials originating from domestic washing machines have the potential
of reaching aquatic environments even after sewage treatment
(Napper and Thompson, 2016; Hernandez et al., 2017). Despite their
relevance, they are not the only source of microplastics in sewage. Per-
sonal care products are also believed to contribute to microplastic pollu-
tion. Some brands of toothpaste, soaps and facial scrubs contain
microplastics which could potentially reach aquatic environments
through wastewater treatment plants (Napper et al., 2015). However,
the contribution of these personal care has caused some scientific con-
troversy (Duis and Coors, 2016).

The presence of microplastics in wastewater has been studied by
several scientists who have come to the common agreement that over-
all, waste water treatment plants (WWTP) are efficiently removing
microplastics from wastewater (Sun et al., 2019). This conclusion is
great for aquatic environments where the wastewater eventually ends
up. WWTPs effectively remove nearly 99% of microplastics from waste-
water. This begs the question: Where do the microplastics go? Unfortu-
nately, although the removal process benefits aquatic environments,
the soil environment is less fortunate. Microplastics accumulate in the
sludge produced in WWTPs (Li et al., 2018). This sludge is in turn used
as fertilizer on agricultural fields. This practice has a positive impact
on soil fertility and is still essential in many countries all over the
world (Schmidt et al., 2006; Coors et al., 2016). However, this use of
sludge creates a pathway for microplastics to enter agricultural soils
(Zubris and Richards, 2005).

Before making conjectures, several information gaps need to be ad-
dressed. Evidence supports the finding that synthetic fibers accumulate
in soils treated with sludge (Zubris and Richards, 2005). We also know
that plastic debris is found in sewage sludge (Mahon et al.,2017; Liet al.,
2018). To our knowledge, there are no studies that evaluate the effect of
successive sludge applications on agricultural fields. Therefore, with this
research, we wanted to answer the question: Are microplastics accumu-
lating in agricultural soils as a result of sewage sludge applications?
There were two aims of this study: (1) to evaluate microplastic

contamination in soils from sewage sludge applications and (2) to eval-
uate the impact of repeated applications of sewage sludge by examining
soil samples. We did this by selecting and evaluating 31 fields in the
Chilean central valley with different sludge application records which
covered a period of ten years of sludge application.

2. Material and methods
2.1. Study site

Chile was chosen for this case study since the country has a ten year
record of sludge applications (MINSEGPRES, 2009). Sludge disposal on
agricultural fields has been permitted by local authorities in Chile
since 2009. Sludge producers have to report each sludge application to
the Chilean Agricultural and Livestock Service, which keeps a record of
each application. We looked at all of the places were sludge has been ap-
plied over the last ten years. From this data, a hot spot area was selected
which we hoped would prevent soil covariates from increasing experi-
mental noise. The area was located in Mellipilla county, in the
Metropolitana region of Chile. Within this county, a 10 km? area near
the Maipo river was selected since it included 30 fields that were suc-
cessively treated with sludge over the past 10 years. In the same area,
we selected one control site where no sludge had been applied.

While all fields shared similar soil chemical and physical characteris-
tics, they were exposed to different sludge application rates over time.
All of the fields that were selected had a soil classified within the
USDA Entic Haploxerolls subgroup (CIREN, 1996), a medium (loam) to
moderately coarse (sandy loam) soil texture, a flat surface (0-1%), and
an average depth of 75 to 100 cm. The soil organic matter (SOM) ranged
from 1.3% to 4.3% (median = 2.1%). The fields, however, comprised dif-
ferent soil map units since they presented different degrees of stoniness.
Regarding sludge applications, there were fields that were treated with
sludge up to five times, while others received only one application. The
number of applications, the year when the last application was per-
formed, and the crops produced after the application are shown for
each field in Fig. 1. In nearly all fields, sludge was applied for the last
time in 2017 and corn -either as a monoculture or in rotation- was the
main crop after this last application. Hence, the only factor that signifi-
cantly varied between fields was the number of sludge applications.
The sludge applied was homogeneous. It originated from the same
wastewater treatment plant and was stabilized before each application
by solar desiccation or centrifugation.

Current Chilean regulation allows no more than one application of
90 ton ha~"' of dewatered sludge per year per field (dry weight basis).
This rate is almost never reached in practice since applying
90 ton ha™! of dewatered sludge entails several technical problems.
Therefore, on average, 40 ton ha~' of dewatered sludge is applied to
fields during each application (dry weight basis).

2.2. Sampling and sample preparation

Three soil samples, chosen randomly within each field boundary,
were collected for each field. Each sample was taken from the topsoil
(0-25 cm) using a metallic soil auger. The sampling depth corresponded
with the reported depth of sludge application. Samples were
transported in polypropylene (PP) plastic bags (3 mm thick) to the lab-
oratory, where they were unpacked, spread over wood trays, and dried
in an forced air oven at 40 4 2 °C. The samples were then sieved with a
<2 mm metal mesh and stored in polyethylene terephthalate (PET) jars.
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Fig. 1. Location of fields under study. The differences in the number of sludge applications carried out over time have been highlighted for each field (above). Quantity of fields (n) that:
were applied until a given year (bottom-left); presented corn, a rotation with corn, or laid fallow after the last application (bottom-center), and; underwent a given number of sludge

applications (bottom-right) (each application = 40 ton ha™1).

When present, microplastic particles larger than 2 mm were counted by
hand and noted.

A control sample without plastic was made to check whether the
plastic containers polluted the samples with plastic, compromising the
quality of the analysis. An agricultural soil was collected, dried, sieved,
and ignited at 500 °C for 3 h. The temperature reached ensured the elim-
ination of all plastic particles (Anuar Sharuddin et al., 2017). After igni-
tion, three replicates (500 g) of the ignited soil were placed in PP plastic
bags, and shaken at 180 strokes min™" for 10 min in a platform shaker
to simulate transport. Samples were then unpacked and stored in PET
jars. Since it was not possible to guarantee a site with no plastic contam-
ination, no blanks were collected in the field or used during the handling
procedure.

Seven sludge samples were collected on location, as some of the
fields underwent sludge applications during 2018 (not considered in
the study, as soil sampling was done before). The sludge samples were
transported in plastic bags and then dried in an forced air oven at 40
=+ 2 °C. Since the dried sludge formed hard clods, the samples were
milled with a porcelain mortar and sieved using a < 1 mm sieve, before
being stored in PET containers. When present, microplastic particles
larger than 2 mm were counted by hand.

2.3. Laboratory analysis
There is no standardized procedure to quantify microplastics in

soil samples. Therefore, we implemented a methodology based on
two recent studies (Hurley et al., 2018; Zhang et al., 2018). The

method takes advantage of the fact that plastics have a lower density
than soil particles. We used a wet extraction technique to float the
plastic particles. A general overview of the methodology is shown
in Fig. 2.

The dried soil samples were weighed and 5 4 0.01 g was placed in
50 ml glass centrifuge tubes. 20 ml of deionized water was added to
each tube and the samples were then stirred at ~21,000 rpm for 30 s.
A Dremel® 3000 (Robert Bosch Tool Corporation, IL, USA) with a
custom-made rod and mixer palette was made to stir the samples
(rod & = 3.2 mm, palette width = 5 mm). The high speed used allowed
the soil to be completely suspended in our experimental set up. Samples
were centrifuged at 2000 rpm (2240g) for 15 min and the supernatant
was filtered using a Whatman No. 42 filter paper (retention >8 pm).
20 ml of sodium chloride (NaCl) 5 M (p = 1.20 g cm>) was added to
the precipitate, which was then stirred and centrifuged a second time.
The supernatant was once again filtered through the same Whatman
No. 42 filter paper or through a new one if the first one became clogged.
If the filter was replaced, the first filter was saved in a Petri dish for op-
tical inspection. 20 ml of a concentrated zinc chloride solution (ZnCl,
5M, p = 1.55 g cm™>) was added to the centrifuge tubes with the pre-
cipitate for one final extraction. Since the ZnCl, solution had a higher
viscosity than the previous solutions, the samples were stirred at
32,000 rpm for 30s. Centrifugation was carried out at 2000 rpm
(2240g) for 15 min and the supernatant was filtered through Whatman
No. 42 filter paper, while taking into account the replace-if-clogged in-
dication. Filter papers were then saved in Petri dishes for optical
inspection.
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Fig. 2. Diagram of the method used. Samples were dried, sieved and weighted. Different
solutions were added in sequential time steps to extract the plastics by flotation. First
water was used @ then the sample was stirred, centrifuged, and filtered. Next, a
solution of NaCl was used @ and the sample is again stirred, centrifuged, and filtered.
The first filter was replaced only if it was clogged. Thirdly, a solution of ZnCl, was used
@ then the sample was stirred, centrifuged, and filtered for the last time. The previous
filter was replaced only if it was clogged. The filters were then inspected in a
microscope to identify plastic particles.

After microplastic extraction, the filters were inspected using a ste-
reo microscope (model SMZ 745 T coupled with a NI-150 high intensity
illuminator, Nikon, Tokyo, Japan) at 20x. The microplastic particles col-
lected on each filter were counted twice. Microplastic particles were
considered to have shiny surfaces, strong colors, and sharp geometrical
shapes. Synthetic fibers were considered to have smooth sides and
strong colors, as laid out by Horton et al. (2017). Particles were classified
according to their shapes: fibers, fragments (angular and solid), films
(flexible and thin), or pellets (rounded and solid). Together, fragments,
films, and pellets are referred to as non-fiber particles. A random sample
of the examined microplastics were photographed (Micrometrics®
camera model 519CU CMOS 5.0 Megapixel, ACCU-SCOPE Inc., NY,
USA) to measure the length and width if fibers and the surface area
for non-fiber particles. Image] 1.5 software was used for this purpose
(Schneider et al, 2012). Results were reported as number of
microplastic particles per 5 g of dry soil (p5g~1).

An estimation of the weight of the microplastics was performed
using the measured area (Simon et al.,, 2018). The fiber weight was cal-
culated using the width as the fiber diameter while considering a 40% of
void fraction. The area of pellets was measured within a circle to esti-
mate the volume of a perfect sphere. Fragment volumes were approxi-
mated using ellipsoids. A thickness of 13 um was used to calculate film

volumes. The weight was estimated using a density of 1.38 g cm™> for
fibers (polyester) and 1.35 g cm™> for non-fibers (polyvinyl chloride).

Sludge samples were analyzed in a similar way but microplastic
counts turned out to be too high in sludge samples so only 1 g of sludge
was per tube was measured.

As a quality control measure, each set of samples (n = 20) included
one reagent blank. The filter from this blank was saved in a Petri dish
and inspected at the end of the analysis. The measurement should
have accounted not only for the quality of the reagents used but also
for any contamination inside the lab (Mahon et al., 2017; Scheurer
and Bigalke, 2018). All materials used in the sample analysis were
made of glass (funnels, Petri dishes, centrifuge tubes) and the stirrer
rod was made of stainless steel. White cotton lab coats were used by
the analysts during analysis and sample manipulation.

2.4. Method validation

In order to test our method, 10 soil samples from the region were se-
lected for the validation experiements. Microplastics were then added
to the soil samples which were then put through the same treatment
as the rest of our soil samples. This allowed us to check the recovery
rates of the added microplastics. The selected soils had between 1.0
and 4.0% SOM and were 12 to 44% clay, with textural classes ranging
from clay loam to sandy loam.

Acrylic, polyester, and nylon fibers, as well as low density polyethyl-
ene and polyvinyl chloride particles were used to pollute the samples.
Each of these polymers were sourced using a different method. A ball
of acrylic wool was cut into pieces and the acrylic threads were cut
with an electric hair cutter. Ready-made polyester fibers normally
used as cushion stuffing were purchased and cut with scissors into
shorter lengths. A pair of pantyhose (98% nylon - 2% elastane) was proc-
essed as an acrylic sample since the elastane compound was present
only in the waist support, which was discarded before preparing the
fabric for the samples. Low density polyethylene (LDPE) particles
were obtained by freezing and milling LDPE pellets (SABIC® LDPE).
Lastly, a polyvinyl chloride (PVC) water poncho was cut and rasped
with a rectangular rasp. After size reduction, all polymer particles
were sieved using a > 2 mm mesh. A sample of each polymer was
photographed under the microscope and their dimensions were mea-
sured using Image] 1.5 (Schneider et al., 2012). The size of the polymers
used in the recovery test are shown in Table 1.

3 fibers or particles of each polymer were included in the
microplastic sample that was used in the validation of the method. 5 g
of the soil samples were put into centrifuge tubes along with 3 fibers/
particles of each polymer. 10 ml of distilled water was added to the pre-
pared samples, which were then mixed with a glass stirring rod and
allowed to dry. Samples were wetted and air dried twice more in
order to emulate natural wetting and drying cycles, as suggested by
Hurley et al. (2018). Three replicates per soil sample were analyzed. Re-
covery was expressed as a proportion of observed polymers after the ex-
traction process. The recovery rate from the first two solutions (H,0 and
NaCl 5 M) was registered separately from the third (ZnCl, 5 M) and two
filter papers were used per extraction.

Along with this recovery assessment, the method repeatability
was evaluated. Five random samples were analyzed a total of five
times.

Table 1
Average particle size by polymer type used in the validation set and their standard
deviation.

Polymer Shape Length (mm) Width (mm) Area (mm?)
Acrylic Fiber 27+ 14 0.04 + 0.01 0.12 + 0.06
Polyester Fiber 1.60 + 1.1 0.04 + 0.01 0.07 + 0.06
Nylon Fiber 230+ 038 0.05 + 0.01 0.98 + 0.37
LDPE Fragment - - 0.16 + 0.10
PVC Fragment - - 0.10 4+ 0.08
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2.5. Statistical analysis

2.5.1. Method validation

The data from the validation procedure was analyzed using a split-
plot design where the whole plots corresponded to the SOM and the
split-plots to the plastic polymer. Total recovery was analyzed. In
order to look for significant differences, a logistic regression model
was fitted to data and an ANOVA test was performed using a signifi-
cance >95%. A logistic regression was used since the recovery rate
corresponded directly to the added polymers recovered. The overall ef-
fect of SOM and the hypothesis which focused on finding differences be-
tween each plastic polymer were tested using the Wald chi-squared test
(R Package Analysis of Overdispersed Data ‘aod’, Lesnoff and Lancelot,
2012).

The microplastic counts from the repeatability trial were analyzed
after grouping the data by sample. The average, standard deviation,
and coefficient of variation were calculated and the repeatability re-
ported as the overall mean of the standard deviation and the coefficient
of variation.

2.5.2. Soil microplastic contamination

The results from the 3 samples taken from each field were aver-
aged. The difference in soil microplastic counts was evaluated as a
function of the quantity of sludge applied. The microplastic count
was the dependent variable, while the number of sludge applications
was the independent variable. In this way, the number of sludge ap-
plications was set as the treatment with five levels (1, 2, 3, 4, and 5
sludge applications). An ANOVA test was performed to look for sta-
tistical differences. Counts were transformed using the natural loga-
rithm to satisfy ANOVA assumptions. Significant differences were
considered to occur when a significance >95% was observed. Fisher's
last significant different test (LSD) was used to compare results be-
tween treatments (number of sludge applications).

Since there was only one control site (no replicates), zero sludge
applications was not considered as a level of the independent vari-
able. Instead, the Wilcoxon signed rank test was used to check
whether or not the mean of the control site was different from 0.
The microplastic counts of each treatment (number of sludge appli-
cations) were compared with the mean of the control site by a one-
sample Student's t-test after the data were transformed using the
natural logarithm.

The fiber to microplastic ratio was calculated as the number of fi-
bers divided by the total microplastic count. The ratio was defined as
the dependent variable with the sample matrix (sludge or soil) as the
independent variable. An ANOVA model was fitted to the data to look
for significant differences in the proportion of fibers with respect to
the total count of plastics between sludge and soil samples. Differ-
ences were evaluated for a 95% confidence interval (CI).

Descriptive statistics were used to characterize sludge and soil
microplastic content, fiber length and width and non-fiber-particle sur-
face area.

All statistical analysis were performed in the R environment (R Core
Team, 2018).

2.6. Method validation

Three sequential extractions were enough to get high recovery rates.
All plastic polymers used presented statistically different recovery rates,
which were influenced by SOM (Fig. 3). The recoveries observed were
LDPE > Polyester > PVC > Nylon > Acrylic. Only acrylic fibers presented
a poor recovery (mean = 49%) while other polymers showed a rela-
tively high recovery rate (>77%). The recovery rate of LDPE particles
stood out with 98% of the particles being recovered. In all cases, recovery
was increased as a result of a third extraction carried out with ZnCl,.
This was especially true for PVC. Although soil organic matter did affect
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the recovery rate of each polymer, this effect was considered negligible
for the study area.

The repeatability was acceptable, with a standard deviation of 1.5
p 5 g~ " and a coefficient of variation of 12% in samples that ranged
between 8 and 20 p 5 g~ . With regard to packaging/transport con-
tamination, only 1 fiber was found in one of the three ignited soil
samples. It was a blue fiber, which did not match the colour of the
PP plastic bags or the PET jars. Although the effects of the packaging
was negligible, the use of plastic bags should be avoided whenever
possible. Around 33% of reagent blanks were polluted with 1 fiber,
while the remaining 66% had a null count. The analysis of a set of
20 samples -including a reagent blank- took a day (~7.5 h).
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3. Results
3.1. Microplastics in soil samples

Overall, with each successive sludge application, there was an in-
crease in the median (Fig. 4). The control site had the lowest
microplastic count. Two of the three samples from the control site
scored 1 p 5g~!, while the other had 3 p 5 g~'. The mean of the control
was different from zero (p-value = 0.08). The means of the treatments
were different from the control mean (p-value < 0.01 for 5, 4, 3, and 2
applications, and p-value = 0.05 for 1 application). One, two, and
three sludge applications had a similar effect with regards to
microplastic accumulation in the topsoil. There were no differences be-
tween the means of 2, 4, and 5 sludge applications. The data dispersion
was the highest for 3 sludge applications, where data ranged from 2.3 to
19 p 5 g~ 1. Sludge presented a high microplastic content (median =
170 p5g~'), which stood out from the soil observations. The weight es-
timates are presented in Table 2.

3.2. Microplastic characterization

The majority of microplastics observed in both soils and sludge sam-
ples were fibers. While the mean fiber to microplastic ratio for sludge
was 0.90 + 0.05, the proportion of fibers for soil samples was 0.97 +
0.03. The ANOVA result indicates that the fiber to microplastic ratio
was statistically different between soils and sludge samples. Most of
the fibers observed were small, with only a few fibers having a width
> 50 pm (Fig. 5a). The median fiber width was 20 um, while the inter-
quartile range (IQR) was 10 um (p.25 = 17 pm and p.75 = 27 pm).
The fiber length showed a similar distribution, having a median of
0.97 mm and a IQR of 1.05 mm (p.25 = 0.62 mm and p.75 =
1.67 mm) (Fig. 5b). Twenty percent of the fibers observed had a
length > 2 mm, and only 5% had a length > 4 mm. The shortest fiber ob-
served was 0.16 mm, and the narrowest was 8 um.

Non-fiber particle shapes were predominantly films (58%) and a
particle's surface area was generally <0.5 mm? (Fig. 6). The median for
the particle surface area was 0.03 mm? and the IQR was 0.12 mm?
(p.25 = 0.01 mm? and p.75 = 0.13 mm?). The smallest particle
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Fig. 4. Microplastic (MP) counts by number of sludge applications. Average of counts per
field (grey dots), treatment medians (blue squares), and inter quantile range (blue dotted
arrows). Differences at o < 0.05 are shown in the top axis with lower case letters.

Table 2
Microplastic weight in soil by number of sludge application events and in sludge
(mgkg™").

Applications (n) Min 1st Qu. Median 3rd Qu. Max
1 0.73 1.05 1.37 1.78 2.18
2 1.79 1.90 2.03 2.38 3.16
3 0.57 0.79 2.22 2.97 4.56
4 1.76 2.25 2.88 3.38 129
5 1.79 3.03 438 6.56 103
Sludge 22.0 373 45.5 50.2 53.0

observed was 0.0023 mm? (2254 um?). Example images of the observed
microplastics are provided in Fig. 7.

4. Discussion
4.1. Accumulation of microplastics in soils

Our evidence suggests that microplastics accumulate in soils with
successive sludge applications. While the presence of synthetic fibers
in sewage sludge has been known since the end of the 90's (Habib
et al., 1998), their accumulation in soil by sludge disposal was first ac-
knowledge almost ten years later (Zubris and Richards, 2005). These au-
thors reported a mean count of 1.21 + 0.25 synthetic fibers per g~! of
soil five years after dewatered sludge was applied to soil columns for
the last time. While the amount of sludge applied in the Zubris and
Richards study was high (215 dry ton ha™! to simulate 30 years of agro-
nomic applications), the amount of sludge that is usually applied on
Chilean fields are also exceptionally high (200 dry tons ha~! can be
reached within five years). In our study, fields where sludge had been
deposited 5 times (200 dry tons ha—') had an median of 3.5 p g~ soil
one year after application, which is almost three times the amount re-
ported by Zubris and Richards (2005). To complement the experiment
of the soil column, Zubris & Richards evaluated a soil amended with
300 ton ha™! of alkaline-stabilized sludge two years after application,
reporting ~2.5 synthetic fibers g~ soil (topsoil). As the alkaline-
stabilization process abrades synthetic fibers, this result can be consid-
ered similar to ours.

Despite the evidence of synthetic fibers accumulating in soils after
sludge application and the growing concern surrounding plastic con-
tamination of soils, there are only a few recent studies evaluating plastic
accumulation in agricultural soils (Pinto da Costa et al., 2018). Liu et al.
(2018) reported that farmland soils near Shanghai in China had a max-
imum microplastic content of 0.28 p g~ ! soil, with an average of 0.078
+ 0.013 p g~ ! in the topsoil. Although these authors pointed to sludge
as a possible source of the observed microplastics, they were unable to
report on application rates. A different study in China evaluated the
microplastic content in soils under intensive agriculture (Zhang and
Liu, 2018). The authors reported that soils where approximately 23
tons ha~! year™! of sludge were applied had between 7 and 43 p g~!
of microplastics at 0 to 10 cm depth. The reported range is by far greater
than ours, but the authors had additional sources of microplastics pol-
luting the soil such as plastic mulch and other plastic covers, which
were not included in our study area. Nonetheless, the authors found
that the majority of microplastics were fibers (92%), which match our
findings.

Other studies that reported expected microplastic concentrations in
soils did not evaluate agricultural soils with sludge applications. While
they are not relevant for comparison, they emphasize the relevance of
the sludge contribution to microplastic soil contamination. Home gar-
dens in rural Mexico, where plastic household waste accumulates, aver-
aged 0.9 + 1.9 p g~ ! soil (Huerta Lwanga et al., 2017). An agricultural
field in China, where plastic mulch is used to reduce soil water evapora-
tion, averaged 0.10 + 0.14 p g~ soil (Zhang et al., 2018). As previously
mentioned, data concerning plastic soil contamination is scarce, but if
the average reported by Zhang et al. (2018) is taken as a reference and
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compared to the data in Table 2, sludge can contribute 101 times more
plastic particles in a year than plastic mulching.

Other studies reporting microplastic content in sewage sludge pres-
ent slightly lower results. An extensive survey of microplastic contami-
nation of sewage sludge in China reported an average of 22.7 4 12.1 p
g~ !, from which 63% were fibers (Liu et al., 2018). In Ireland, where
sewage sludge undergoes different stabilization treatments, researchers
found microplastic concentrations that ranged from 4.1 to 154 p g™ !
(Mahon et al., 2017). When they evaluated a composted sludge, they
found that 91% of the particles were fibers, which match our findings.
At the study site, sludge underwent a simple process before disposal
(centrifugation or solar desiccation), which could explain the higher
microplastic counts observed.

An explanation for the fact that the control site had between 1 and 3
p g7 soil can be difficult to confirm. On the one hand, it has been re-
ported that microplastics can reach remote places by aeolian transport
processes that are only partially understood (Prata, 2018). In
Switzerland, a country with a successful plastic waste management
strategy, researchers found evidence of aeolian and fluvial deposition
of plastic in rural areas far from any polluting source (Scheurer and
Bigalke, 2018). Generally speaking, the ubiquity of microplastics in agri-
cultural environments makes it difficult to find a control site where ab-
solutely no plastic is present. This was the case for studies performed in
China (Zhang and Liu, 2018) and in the USA (Zubris and Richards,
2005). On the other hand, contamination could occur during the sample
collection and handling (Section 4.2).

Considering the fact that the ratio of fibers to total microplastic par-
ticles was different between sludge and soil samples, the question could
be raised: Do non-fiber microplastic particles have a greater mobility in
soil and thus, are they being washed out of fields while fibers remain?

Fig. 7. Example images of the microplastics observed. Fibers (a, b, ¢), films (d, e), pellets (f), and fragments (g, h, i).
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The movement of fiber-like particles through porous media involves
complexities that differ greatly from other geometrical forms, as
pointed out by Engdahl (2018). The author reported one of the first ef-
forts in modeling microplastic movement in porous media. Although it
was a simulated experiment, his findings indicate that sometimes
counter-intuitive transport processes take place. The concept of
microplastic mobility through the soil profile was reviewed in Rilling
et al. (2018) and in Steinmetz et al. (2016). Since our study presented
limited data and had methodological restrictions, the microplastic con-
tent of the sludge samples was not directly comparable with the soil
data. Hence, our initial question remains unanswered and is set as a
challenge for future investigations. After all, if plastics are remobilized
from soil to water bodies, the main aim of waste water treatment plants
to prevent water contamination could be compromised by current
sludge disposal methods.

4.2. Method limitations

We were able to quantify microplastic particles in sludge and soil
samples as units per unit of weight with the method we used. Reporting
results as units per weight has the advantage that simpler and cheaper
methods can be used for soil evaluation. One benefit is that the method
offers alternatives for microplastic detection for developing economies.
For now, the method may be used in semiarid environments, with low
organic matter and calcareous soils. The method was not fast so exten-
sive assessment campaigns using this method could prove to be time
consuming if used in other contexts. There are faster methods currently
being developed but they have higher analytical costs (e.g. Paul et al.,
2018; Corradini et al., 2019). Reporting values as units per given weight
is a known limitation since it could be difficult to compare results be-
tween studies (Bldsing and Amelung, 2018; Scheurer and Bigalke,
2018). So far, most studies assessing microplastics in soils present
their data in this form (e.g. Zubris and Richards, 2005; Huerta Lwanga
et al,, 2017; Liu et al., 2018; Scheurer and Bigalke, 2018; Zhang and
Liu, 2018; Zhang et al., 2018). In some of these studies, researchers
used diameter and average density to try and estimate the plastic con-
tent on a weight to weight (w/w) basis. The disadvantage of this is
that uncertainty is increased because the converted data is only an ap-
proximation. For example, fibers had a void fraction which may vary
and thus assumptions had to be made in order to perform conversions
to w/w (Simon et al., 2018). Despite the uncertainty, new evidence
shows that simultaneous quality-quantitative assessments are impor-
tant for inference of effects (de Souza Machado et al., 2018).

Visual sorting depends on the operator's criteria. Therefore, addi-
tional identification techniques are often used to avoid false positives.
These additional techniques were not included in our approach. Al-
though it is advised to couple visual techniques with spectroscopic ap-
proaches, the use of such techniques considerably increases the cost
and complexities of the analysis. The additional gains in accuracy may
not be relevant depending on the study purpose. Horton et al. (2017) re-
ported a 7% rate of misclassification (particles that were natural, as op-
posed to anthropogenic) when they validated the method (using soils
with ~6% organic matter).

Organic matter removal steps were not included in the method used.
These steps are used to avoid false positives during optical inspection.
Commonly used reducing agents degrade microplastics. Hurley et al.
(2018) reported that Fenton's reagent could be an alternative. However,
when we tried the Fenton's reagent protocol with fibers, the recovery of
nylon and acrylic fibers decreased considerably (data not shown). Or-
ganic matter removal is not always mandatory and may reduce extrac-
tion efficiencies (Wang et al., 2018). The removal of organic matter is
recommended when organically rich samples with a high potential in-
terference are analyzed (Fuller and Gautam, 2016; Mahon et al,,
2017). The soils surveyed had between 1.3% and 4.3% organic matter.
This did not represent a problem during analysis.

Additionally, when the methodology was tuned up, we noticed that
carbonates hindered organic matter removal (data not shown). For ex-
ample, Fenton's reaction is partially impeded when carbonates are pres-
ent (Liu et al., 2016). Therefore, if organic matter removal is needed,
carbonates should be eliminated first. If this is the case, one should
note that carbonate elimination is performed by acids (Soil Survey
Staff, 2014), thus unnecessary particle abrasion could take place. The
study sites were located in a semiarid region where carbonates range
from 1.0% to 2.5% (CaCOs). Consequently, organic matter removal
steps were avoided, on the one hand due to the low organic matter,
and on the other, due to the presence of CaCOs.

Observed recovery rates were similar to other findings. Li et al.
(2018) evaluated the recovery rate of polyethylene (LDPE) from sludge
samples using NaCl extraction. These researchers reported a success
rate of 86%, which is similar to the recovery observed in our
experiements after the first two extractions. Similarly, using a higher
density solution (Nal, p = 1.8 g cm™>), Hurley et al. (2018) recovered
92-98% of small LDPE beads, almost 100% of large LDPE beads, and
79-86% of polyester fibers. To our knowledge, there are no studies eval-
uating the recovery rate of nylon or acrylic fibers or PVC. High recovery
rates may be due to the high density of 5 M ZnCl, (p = 1.55 g cm™>),
compared to the densities of the polymers (p = 1.38, 1.17, and
1.14 g cm™> for polyester, acrylic, and nylon (Qin, 2016), p =
1.35 g cm ™ for flexible PVC (Titow, 2012), and p = 0.92 g cm > for
LDPE (Zhang et al,, 2018)).

There was evidence of a laboratory sample contamination. It could
be considered negligible when compared to the observed microplastic
counts. Zhang and Liu (2018) reported an average of ~4 fibers in control
samples, which is comparable to the 2 fibers per filter paper reported by
Horton et al. (2017). Exploring microplastic content in beach sand, Lots
et al. (2017) reported an in lab contamination in 3 out of 5 control rep-
licates (60%). Scheurer and Bigalke (2018) reported that 3 out of 9 blank
filters were contaminated with fibers when evaluating Swiss floodplain
soils, which is similar to the proportion observed in our work (30%).
Sample contamination is a recurrent issue across current studies. To
keep contamination at negligible levels, sample weight should be de-
fined carefully. For the purposes of this study, using only 5 g of a sample
was sufficient to reduce the noise caused by sample contamination.

The repeatability reached by the method was good, being within the
ranges expected for soil tests (McLain et al.,, 2018; Vaughan, 2018). The
coefficient of variation (12%) implies that the probability of two repli-
cate measurements differing by a factor of 1.5 or more is <0.025 (Reed
et al., 2002). Repeatability has not been addressed directly in any of
the studies that propose new methodologies for soil microplastic as-
sessment. Repeatability reflects how much of the variation between
samples is due to the analytical method and how much is due to the
treatments, thus it is an important indicator of quality control.

5. Conclusion

Sludge applications on soils resulted in increased microplastic
counts in soil samples. By evaluating agricultural fields with different
sludge application records, we provided evidence of microplastic accu-
mulation over time. The data revealed a high concentration of
microplastics in the soils, supporting the fact that sludge is a driver of
soil microplastic contamination. Also, evidence showed that there
could be plastic remobilization away from fields, revealing challenging
new research questions.

The method can be used as a guide to examine microplastic contam-
ination in semiarid regions but further methods need to be adapted for
other environments. There are yet only a few studies addressing soil
microplastic contamination, thus the true scale of the problem has yet
to be assessed. Research on plastic weathering and transport processes
within the soil profile are still pending and are greatly needed to under-
stand the fate of the pollutants in the overall environment.
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