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Abstract

Plastic film mulching and use of wastewaters for irrigation have been common
agricultural practices for over half a century in Tunisia, especially in arid regions,
resulting in the undesired creation of a pathway for microplastics (MPs) to enter
farmland soil. In order to assess the extent and characteristics of soil contamination by
MPs in the Moknine province, an area of intensive agricultural practices, 16 farmland
soil samples were collected and characterized. The total concentration of targeted MPs
was 50-880 items/kg; among them, the most common MPs type being polypropylene
(PP), mainly occurring as white/transparent fibers with small size (cross section <0.3
mm). SEM images of MPs surfaces revealed multiple features related to environmental
exposure and degradation. ATR-FTIR spectroscopy and pyrolysis-GC/MS analyses
enabled the accurate identification of MPs separated from the embedding soil micro-
and macro-aggregates. Finally, contamination of the polymeric microparticles with a
broad range of metals was found by ICP-MS analysis, suggesting that MPs can be
vectors for transporting heavy metals in the soil and indicators of soil contamination as

a result of mismanagement of industrial wastewaters.
Key words

Polymer microparticles, Intensive agriculture, Pyrolysis-Gas Chromatography-Mass

Spectrometry, Infrared spectroscopy, Heavy metals, Moknine province.

1. Introduction
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Recent research has been focused on assessing the main sources of MPs and their
environmental distribution as a prerequisite to evaluate how they affect the
contaminated biosphere (Pinto, 2018). Two broad categories can be distinguished as the
sources of MPs; primary particles fabricated as such are present as micro- or nano-beads
in personal care and industrial product formulations, while secondary particles result
from the constant weathering and abrasion or fragmentation of plastic items occurring
upon dispersion in the environmental (Chouchene et al., 2019). Waste mismanagement
and uncontrolled dumping results in an increasing amount of plastics accumulating in
terrestrial as well as aquatic environments (Samir et al., 2021), also due to the very slow
degradation of synthetic polymers under normal photo-oxidative and hydrolytic
conditions. MPs can also behave as collectors and concentrators of toxic environmental
pollutants (Chouchene et al., 2020). While MPs are increasingly recognized as a serious
threat for natural aquatic environments, it is inland where most of the plastic items are
produced, used, and disposed of. Uncontrolled disposal and subsequent environmental
(mainly photo-oxidative) polymer degradation may thus result in a significant inflow of
MPs also in terrestrial environments, where they may accumulate in soils before
reaching the groundwater table and eventually riverine and marine ecosystems (Afrin et
al., 2020; Steinmetz et al., 2016). Studies support the alarm about using wastewater
treatment plants (WWTP) sludges as fertilizers and urban or industrial wastewaters for
agricultural land irrigation, both practices being important sources for soil
contamination by MPs (Nizzetto et al., 2016). Indeed, WWTP and sewage sludges have
been identified as the receptors of MPs including a significant fraction of synthetic
fibers (Corradini et al., 2019). Additional sources of MPs in agricultural soils are plastic
mulch films (mainly polyethylene, PE, and its copolymers with vinyl alcohol or butyl
acrylate) and other plastic items (greenhouse covers, strings and nets supporting

growing plants, etc.) widely used in intensive farming.

More than 700.000 ton of MPs are estimated to enter the soil annually in North America
and Europe, a quantity larger than the 93.000-236.000 ton of MPs estimated to be
floating in oceanic surface waters (Van Sebille et al., 2015). Increasing evidences
indicate some MPs toxicity for organisms that are important indicators of a healty
agricultural soil, as in the studies concerning the oligochaeta Enchytraeus crypticus and
Lumbricus terrestris (earthworm) exposed to soils containing 10 wt% polystyrene (PS)

(Zhu et al., 2018) and 28-60% PE (Lwanga et al., 2016) MPs, respectively. MPs have
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the ability to convey toxic pollutants with endocrine disrupting ability within soil-plant
system, whether by adsorption of toxic chemicals from their polluted environment, or
from their own suite of potentially toxic additives (Zhu et al., 2018). Nevertheless, the
contribution of the internal sources (i.e., plastics in agricultural practice) on the

occurrence of MPs in is not well-known.

In the case of Tunisia, the limited experimental research on plastics pollution has
focused until now on macroplastics. The Moknine province, located in the center-east of
Tunisia, is a typical agricultural area characterized by intensive use of plastics mulches
and extensive greenhouse coverage (43.5% of the total area of the greenhouses in
Tunisia) for growing vegetables and fruits; thus the soil health in this area is of utmost
importance. Farmers in Moknine have been using plastic film for mulching and
greenhouse for quite a long time due to its convenience and cheap price. In this work,
the concentration of MPs in a representative agricultural land of the Moknine province
was assessed, distinguished by polymer types. This was intended as a first step to
increase the knowledge on the MPs sources and accumulation in the agricultural soil,
thereby providing scientific background to the setting up a management plan including
reduction or redesign of the use of plastic in this ecosystem. In detail, the objectives of
this study are: 1) to assess the abundance of MPs contamination in intensive agriculture
soils; 2) to assess the characteristics and spatial distribution of MPs in a typical city
suburban area; 3) to evaluate the efficacy and accuracy of Py-GC/MS and DSC methods
as compared to the most common FTIR analysis for the identification of polymers in

MPs.

2. Materials and methods
2.1. Description of the study site

Moknine city is situated in the middle of eastern Tunisia (35°37°-35°35’E and 10°55°—
10°53°N), in an area separated from the Mediterranean Sea by a 4—6 km wide littoral
barrier. In spite of being a small province, with an estimated population of 75.885,
Moknine was selected to run this study because of the record application in agriculture
of sludge, mulching and greenhouse covers for many years now. Moknine city has been
connected to a wastewater treatment plant (WWTP) since 1983.

2.2. Sampling procedure
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Agricultural soil samples from 16 points were collected as the top 20 cm using a soil
hand auger (Fig.1). About 1 kg of soil was sampled at each point and placed into an
aluminum bag, then the samples were transported to the laboratory and stored at 4 °C
before treatment. Before the analyses, each soil sample was homogenized by
mechanical mixing, then dried in an oven at 40 °C. Once dried the soil formed hard
clods, therefore the samples were mildly hand-milled in a porcelain mortar and sieved
through a cascade of 5, 2-, 1-, 0.5-, and 0.3-mm mesh size stainless-steel sieves, giving
five size classes (<0.3, 0.3-0.5, 0.5-1, 1-2 and 2-5mm), prior to the extraction procedure.
When present, visually detectable plastic particles were separated with tweezers and
counted by hand.

2.3. Microplastic extraction and purification

MPs extraction was performed according to a previously described procedure
(Chouchene et al., 2020, 2019). 200 g of dried sample for each one of the smaller sized
classes (<0.3, 0.3-0.5, 0.5-1 mm) was suspended in aqueous 1.2 g/L NaCl solution in a
1 L glass beaker. The mixture was thoroughly manually stirred for 15 min, then allowed
to stand for 30 min to allow density separation by flotation of the less dense MPs. The
supernatant was filtered through paper filter (Prat-Dumas flat filter diam. 7-9 pum;
QNDM-090-100), then the filter with the MPs debris was placed in a culture dish and
digested with aqueous 10 % KOH solution to remove the organic matter soiling the
MPs. Flotation and filtration steps were repeated until no more floating particles could
be detected and recovered, with a minimum of 3 repetitions. The collected particles
were inspected at 10xmagnification using a Realux CFM-7045 B2 stereomicroscope
(COFEMO, France), and sorted according to their shapes: fragment, fibers, granules,
tubes, and foams, respectively. In addition, each isolated particle was classified and

numbered by color and size.
2.4. Analytical techniques

Fourier-transform infrared spectroscopy (FTIR) analysis for the identification of the
polymers extracted as MPs from the soil samples was performed using a Perkin Elmer
Spectrum BX Fourier transformed infrared spectrometer operating in transmission mode

(64 scans, 4 cm ™! resolution, spectral range 4000-650 cm ™).

A model STA 409PC Differential Scanning Calorimeter (Netzsch, Germany) equipped
with a Pt/Rh crucible with lid was used for DSC analysis. The sample was heated from
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20-800 °C at 5 K-min ™' under nitrogen atmosphere (purge: 50 mL/min; protective: 20
mL/min) to suppress oxidation. An empty Pt/Rh crucible served as reference.
Integration of the DSC peaks was realized using the ChemStation Software

(Ver.A09.01) from Agilent Technologies.

The Pyrolysis-GC/MS instrumentation consisted of a Multi-Shot Pyrolyzer EGA/Py-
3030D micro-furnace (Frontier Laboratories Ltd., Fukushima, JP) coupled to a 8890
Gas Chromatograph (GC, Agilent Technologies, Palo Alto, USA) that was equipped
with a deactivated silica pre-column (2 m x 0.32 mm i.d., Agilent J&W, USA) and an
HP-5MS fused silica capillary column (stationary phase 5 % diphenyl - 95% dimethyl-
polysiloxane, 30 m x 0.25 mm i.d., 0.25 pm, Hewlett Packard, USA). Ten fibers, each
one characterized by a different color, were selected for Py-GC-MS: four fibers (2-
white and 2-blue) from sample 3, three fibers (grey, blue, and white) from sample 6, and
three fibers (yellow, green and grey) from sample 11, all of which had previously been
identified by FTIR analysis. About 80 pg of each one of the ten selected particles was
placed into a clean stainless-steel cup, inserted in the microfurnace with an Auto-Shot
sampler AS-1020E (Frontier Laboratories Ltd. Fukushima, JP) and pyrolyzed at 600 °C
for 0.20 min. The detector was an Agilent 5977 Mass Selective Detector (Palo Alto,
USA) single quadrupole mass spectrometer operating in electron ionization mode (EI)
at 70 eV, in positive mode scanning in the range from 35-550 m/z. The MS ion source
temperature was 230 °C and the MS quadrupole temperature 150 °C. The injection port
was set at 280 °C, with 1:20 split ratio, and the interface temperature was 280 °C. The
pyrolysis products were eluted in constant flow mode at 1.0 mL/min (carrier gas He,
purity 99.995%) with the following chromatographic program: initial isothermal step at
40 °C for 6 min, heating at 20 °C/min to 310 °C, then isothermal step for 40 min. The
data collected were processed by MassHunter Workstation (version10.0) and the NIST
Mass Spectral Search Program 2.4.

Analysis of trace metals as contaminants of MPs was carried out by Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) (Thermo Scientific iCAP7000series).
Four representative plastic particles were selected for this purpose from the different
sampling sites: a fragment from sample 7, a blue fragment from sample 1, a white fiber
from samples 13, and a transparent fragment from sample 15. The fragment from the
sample 7 was sonicated in an ultrasonic bath to complete the removal of residual soiling

material. The plastic particles were transferred into centrifuge tubes, added with 65 %
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HNOs and then 30 % H>O», and heated for 30 min at 100 °C. Five control blank
solutions containing 30 ppm, 10 ppm, 1 ppm, 0.1 ppm, 0.05 ppm, and 0.01 ppm,
respectively, of combined Cr, Ag, Cu, Hg, Mn, Fe, Ni, Zn, Ti, As, Co, Al, and Cd
standard solution (1000 mg/L in aqueous HNO3) were prepared to ensure precision and

accuracy.

Elemental analysis for the metal content of the soil samples was performed with a
iCE3000 Series Atomic Absorption Spectrometer (Thermo Scientific, Cambridge, UK).
About 1 g of soil was weighed into a PTFE vessel with 1 mL HNO3 and 3 mL HCI for
microwave digestion. All the samples were heated at 10 °C/min to 120 °C, and after 10
min digestion at 120 °C and 1000 W were allowed to cool down to room temperature.
After cooling, the volume was adjusted until 25 mL with distilled water before

performing the analysis.

Scanning Electron Microscopy (SEM) analysis was performed on 13 particles
representative of all the different polymer types detected in the soil samples (Table S-1
in the Supplementary Data, SD). Among them, particles from sample 7 and 2 required
additional cleaning before the analysis; thus, they were suspended in deionized water
and sonicated in a sonication bath for 15 min at 40 °C to remove residual soiling
material. Subsequently, surface topography and roughness of MPs sputter coated with
platinum was observed using a scanning electron microscope (SEM Quanta FEG450)

operated at 15 kV.
2.5. Quality Assurance and Quality Control

To prevent contamination by airborne MPs, strict quality control was carried out during
the experiment. The metal auger was rinsed before and after taking the soil samples. All
sieves, tweezers, containers, beakers and equipment were rinsed carefully with distilled
water. All culture dishes and suction filters used during the experiment were washed
and covered with aluminum foil for each step. Cotton laboratory coats was always worn
during the sampling process and lab work. During laboratory work, procedural blanks
were run by placing 250 mL of distilled water in the same glass containers used for
samples extraction and leaving them uncovered on lab benches during the extraction
process. Blank experiments performed in triplicate and run in parallel with the samples
in the laboratory did not show any evidence of MPs contamination from the lab

environment.
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3. Results and discussions
3.1. Abundance and spatial distributions of MPs

In the investigated area of the Moknine province, MPs particles were detected in all
samples of agricultural soil collected across the 16 sampling points, at concentrations
ranging between 50-880 p-kg' with average abundance of 161 p-kg™!. The maximum
concentration of MPs was 880 p-kg’!, that is higher than the 593 p-kg™! reported for
samples soils of Swiss floodplains (Scheurer and Bigalke, 2018), and much higher than
the 4.5 p-kg!' found in a Shanghai aquaculture farmland (Lv et al., 2019) and the 78-62
p-kg! in a farmland in the suburbs of Shanghai (Liu et al., 2018). On the other hand,
MPs concentrations found in the present study are lower than those reported for Shaanxi
agricultural soils, Hangzhou Bay soils (Ding et al., 2020) and the coastal soil of
Shandong province (Zhou et al., 2018). Two kinds of shapes were detected in this study
as shown in Fig. 2. The sampling area of the present study is not located in the
immediate vicinity of the industrial zone or of densely populated areas, therefore the
detected soil pollution by MPs cannot be ascribed to a direct input from wastewaters or
from other types of anthropogenic wastes. Results of this study showed that the soil
around the olive trees in Moknine province was also polluted with MPs (55-105 p-kg™),
suggesting that these inputs were randomly dumped scraps. Additional sources of
pollution by MPs could be fragmentation of weathered plastic items entering the land
through littering. Moreover, the comparatively low concentration of 50 p-kg™! found in
the arid land of the sampling site 16 suggests that organic/inorganic matter could
facilitate the settlement and the aggregation of MPs (Chairi et al., 2010). The maximum
concentration of MPs was found in the soils sampled in areas where greenhouses are
more common, suggesting a correlation between such agricultural practices and the

accumulation of MPs in the Moknine province.
3.2. Shapes, colors and sizes distribution

The diversity of MPs characteristics such as size, colors, and shapes were analyzed as
they are thought to play a critical role in the translocation within the soil food web.
Irregularly shaped fragments and curly fibrous MPs were the most abundant types,
accounting for 41 % and 59 % of the total, respectively (Fig.S-1.a), while pellets were
the less common particles. A predominant concentration of film fragments and fibers

has been reported in several other studies (Ding et al., 2020; Zhou et al., 2018, 2019;



225
226
227
228

229
230
231
232
233
234
235
236
237
238
239

240
241
242
243
244
245
246
247
248
249
250
251
252
253

254

255

Ding et al., 2020; Scheurer and Bigalke, 2018), in which it has also been correlated with
intensive use of plastic film, of wastewater for irrigation, and of sewage sludge for
agricultural soil amendment. Among the sampling sites explored in this study, common

relative number of fibers and fragments have been discovered.

The detected MPs were classified into five size ranges, namely <0.3, 0.3-0.5, 0.5-1, 1-2
and 2-5 mm (Fig.S-1.b). In all the soil samples, the size <Imm was the most abundant
with 74% of the total number of particles. The <0.3 and 0.3-0.5 mm fractions counted
for over 20% of the total (Fig.S-1). The higher fraction of smaller sized MPs was again
in good agreement with previous results (Chen et al., 2019; Scheurer and Bigalke,
2018), and is clearly the result of oxidative degradation caused by the intensive
exposure to UV radiation and high temperature (Chai et al., 2020). The number
concentration of small sized MPs in the ranges <0.3 and 0.3-0.5 mm reported above, is
likely due to the fragmentation of macroscopic plastic items into large MPs and then,
with an obvious multiplying factor, into progressively smaller ones, posing specific

threats to the terrestrial and nearby aquatic organisms.

As shown in Fig.S-1.c, MPs of ten colors were found. Colorless particles were the most
abundant (49.1 %), followed by blue (20.3 %), white (18.6 %), green (3.1 %), black (3
%), grey and yellow (2.7 %), red and maroon (1.1 %) and less defined colors (1.0 %).
Of these, colorless and blue/green were the dominant MPs in the smaller <0.3 and 0.3-
0.5 mm classes. Overall, different size classes of MPs tended to have different color
distribution. Fragments were predominantly white/transparent and blue/green in color,
while fibers were more diverse in color. Soils of greenhouse sample contained mostly
white/transparent fragments and blue fibers, probably associated with the improper
disposal of plastic sheets and missed collection of mulching plastics, suggesting a close
correlation between MPs pollution and degradation of this specific kind of plastic waste
that will keep accumulating unless more appropriate agricultural plastic waste
management is adopted. However, the light-colored MPs found in this study could also
be the result of weathering causing discoloration and fading as mentioned by (Galafassi

etal., 2019).
3.3. Identification of microplastics extracted from soil samples

FTIR results
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Six different polymer kinds were identified as the constituents of the two types of MPs
(fragments and fibers), based on their FTIR spectra: branched, low density polyethylene
(LDPE) and linear, high-density polyethylene (HDPE, collectively PE), aliphatic
polyamide (nylon, Ny), polypropylene (PP), polyacrylonitrile (PAN), polyester
(polyethylene terephthalate, PET), and cellulose (natural or regenerated). Representative

transmittance spectra recorded from individual MPs are shown in Fig.S-2.

The polymer type for each MP found in the soil samples has been identified based on
polymer-specific absorption bands (Table S-2 in the SD). The two different PE types
could be distinguished by inspection of the spectral regions between 2950 cm™' and
2850 cm!' (C-H stretching bands) and between 1475 cm™' and 1350 cm™! (methylene
and methyl deformations): the presence of a shoulder at 2950 cm™! (methyl asymmetric
C-H stretching) and the higher relative intensity of the shoulder in the 1400-1375 cm™!
range (methyl symmetric bending deformation) compared to the absorption band at
about 1460 cm™' (methylene scissoring deformation) are indicative of branched
polyolefins such as LDPE. DSC analysis of the two fragments identified by FTIR as PE
gave relatively sharp melting transitions peaking at 124 °C (Fig.S-3), which is typical of
a highly crystalline LLDPE or of heavily oxidized HDPE (Li et al., 2019) the latter
being more likely for highly oxidized particles as detected by FTIR.

PP was the dominant polymer in the soil samples, accounting for 50 % of the total
number of particles, followed by PE (24 %), and smaller amounts of other polymers
such as PAN (9 %), Ny and PET (8 %). The MPs composition was variable with the
sampling site, but PE and PP were a common and dominant presence. Fibers typically
consisted of PE, PP, PAN, PET, and cellulose. Overall, PP was the dominant fiber type,
likely as a result of its use (bags, nets) in the agricultural practice. PAN, PET and Ny
fibers, along with cellulosic ones, were mainly attributed to release and dispersion of
staple fibers from textiles into laundry wastewaters used for irrigation or contained in
wastewater treatment plant sludge used as agricultural soil amendment. Small fragments
consisted almost exclusively of PP along with some PE, most likely resulting from the
mechanical fragmentation of weathered plastic sheets used for greenhouse, as protecting
covers against adverse environmental factors for grapes in vineyards, and as mulching
films (LDPE/HDPE) not removed from the farmed land at the end of the useful life
cycle. Additional MPs from the above polyolefins may result from the environmental

degradation of improperly disposed waste from e.g. pesticides and fertilizers packaging
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(mainly LDPE and PP), and, to a lesser extent, from water irrigation pipes (HDPE).
Indeed, a common feature of all the recorded FTIR spectra, and particularly so for those
of fully hydrocarbon backbone polymers (PE, PP, PAN), was the presence of hydroxyl
(3200-3500 cm™), carbonyl (1700-1800 cm™), and various C-O-C and C-O-O (1000-
1200 cm™ from ether, ester, alcohol, peroxide groups) absorptions, indicating extensive
photo-oxidative degradation due to natural weathering; the resulting polymer

embrittlement promotes then their fragmentation into secondary MPs.

The presence of all the above polymers as MPs pollutants in agricultural soils, with a
significant direct contribution from agricultural activities, has been reported before (Liu
et al., 2018; Lv et al., 2019). A peculiarity of the sampled sites in Moknine province is
the presence of nearby sabkhas, areas in North Africa coastal flats rich in salts as they
are subject to periodic flooding and evaporation. In the specific case of Moknine
catchment, the sabkhas suffer from contamination by heavy metals, as a result of
industrial activities disposing there about a half of their wastewaters (Wali et al., 2015),
and by plastic waste originating from urban settlements. While such polluted sites in the
Moknine province have not undergone any environmental remediation treatment,
making their soils as likely ‘‘hotspots” for pollution by both heavy metals and MPs,

they have been, and are still used today, to grow various crops.
Pyrolysis-GC/MS results

Py-GC/MS has been used to identify MPs from different matrices (Primpke et al.,
2020). The GC/MS profiles recorded upon pyrolysis at 600 °C of individual sampled
particles were compared with data bases from the literature (Orsini et al., 2017); specific
polymer markers identified among the pyrolysis products are listed in Table S-3 in the
Supplementary Data, while a more exhaustive list of the main pyrolysis products is
reported in Table S-4 in the SD. Fibers of animal origin were identified by the presence
of 2,5-diketopiperazines (DKPs) such as cyclo(Pro-Val), cyclo(Leu-Pro), cyclo(Pro-
Pro) and cyclo(Pro-pyroGlu), as pyrolytic markers, although assignment to a given
protein fiber, e.g. wool or silk, was impossible because no specific pyrolytic markers

have been identified so far (Orsini et al., 2017).

The pyrogram of a typical PP particle as identified by FTIR, namely the blue fiber S3.2,
is shown in Figure 3.a, while the corresponding main detected pyrolysis products are

reported in Table S-4 in the SD. The intense peak from 2,4-dimethyl-1-heptene is a

10
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characteristic marker of PP (Dierkes et al., 2019); such assignment is confirmed by the
presence of the typical clusters of peaks consisting of three signals from 1,n-diene, 1-

alkene, and n-methyl-1,n-diene of a given PP oligomer (Castelvetro et al., 2021).

The pyrolytic profile of the yellow fiber S11.8 (Table S-4 in the SD), shown in Figure
3.b, features many signals from unsaturated nitriles such as 2,4-dicyano-1-butene (2-
methylenepentadinitrile) along with one from 2-methylene-pentadinitrile, both markers
for PAN acrylic fibers (Castelvetro et al., 2021). A very similar pyrogram was recorded
for the green fiber S11.9 (Figure 3.b).

Pyrolysis of the MPs identified by FTIR as PET led to a broad range of fragments
(Fig.3.c) dominated by aromatic species, such as phenylacetaldeide, 4-methyl-benzoic
acid, 4-ethylbenzoic acid, 4-vinyloxycarbonyl benzoic acid, divinyl terephthalate and, in
particular, divinyl benzoate, in agreement with the literature (Wu et al., 2014; Dayana et
al., 2016). Phenyl radicals are also generated, leading to the formation of diphenyl and
its derivatives (Table S-4).

SEM analysis

Most of the ten sampled microplastic fibers and fragments selected for Scanning
Electron Microscopy (SEM) observation of their surface morphology were analyzed
without additional purification after the procedural flotation and mild oxidation
treatment described in the Section 2.3. Additional treatment to remove residual soiling
matter was only performed for the fragments 2 and 7; for this purpose they were placed
in a test tube with 3 mL deionized water, and mildly sonicated in a water bath for 15
min at 40 °C. The SEM images revealed significant differences in surface roughness in
both kinds (fragments and fibers) of the ten particles, indicative of different extent of
degradation and/or of different weathering behavior of different polymer types (Table
S-1in the SD). In particular, fragments seemed to be more heavily oxidized compared to
fibers, showing scratches, fractures and crevices, pits and pores, protrusions and
grooves, in addition to some residual particles soiling their surface (Fig.4). On the other
hand, fibers exhibited partially damaged texture with irregular filaments and fibrillated
structures at the ends. In addition, some fibers also showed erosion features, with small
pits and cracks visible even at low magnification. Samples 2 and 7 were observed
before and after the mild sonication, to evaluate possible damage caused to the polymer

surface by the cleaning procedure. Indeed, in Fig.4 (a, b and e) the surfaces appear

11
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visibly eroded as a result of the sonication performed on oxidized particles with an
already damaged surface. By comparing these morphological features before and after
sonication, SEM images revealed that the PP and PE fragments showed stronger surface
degradation than the PP and PE fibers. The apparently better resistance of the PE and
PP fibers as highlighted by their less degraded surface morphology is possibly the result
of shorter exposure to the environment and/or of a higher crystallinity of the fibers. It is
worth pointing out that a damaged surfaces with fringed and sharp edges in MPs may
pose a higher risk of internal injuries for the soil fauna as they travel through the
gastrointestinal tract (Touil et al., 2020). Finally, the numerous pits and pores observed
by SEM on the surface of the MPs could act as shelter for colonization by

microorganism communities, further impacting the MPs properties (Chai et al., 2020).
3.4. Heavy metals associated with MPs

Heavy metals were analyzed in both MPs and their corresponding soils at each sampling
site; the results are reported in Fig.5. The average concentrations of the heavy metals
Hg, Ti, As, Al, Fe, Zn, Mn, Cu, Cr, and Ni associated with the MPs were 40.56, 28.47,
21.17, 1.88, 1.19, 0.09, 0.01, 0.01, 0.009, and 0.004 pg-g', respectively. These
concentrations are lower than those measured on the corresponding soil matrices that
contained the same sequence as above at concentration 11938.75, 160.81, 31.62, 7.6,

7.41,7.22,5.20, and 7.03 pg-g ', respectively.

The highest concentrations of heavy metals adsorbed on the MPs were those of Hg,
ranging from 4.27-80.58 pg/g, followed by As, up to 44.54 pg/g, and Ti, from 0.68 to
82.65 ng/g, lower concentrations having been found for Cr, Cu, Ni, and Mn, while the
concentrations of Ag, Cd and Co were below the detection threshold. The content of
trace metals in the soils was greater than that in the MPs, in agreement with a previous
study by (Zhou et al., 2019) in which the specific surface area of the soil particle,
comparatively larger than that of the MPs, was assumed as the main reason for the
former to be more effective adsorbers of pollutants (including heavy metal ions) from

the environment (e.g. polluted surface waters).

The relatively high concentrations of some less naturally common toxic metals found in
this study are closely associated with human activities (uncontrolled dumping, industrial

and household wastes) suggesting that the presence of most of them be the result of
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adsorption from polluted agricultural soil and/or surface waters, although contributions

from bulk contaminants in the original plastic formulation could not be excluded.

The results from both laboratory experiments (Turner and Holmes, 2015) and analyses
on environmental soil samples e.g. (Wang et al., 2016) actually suggest that MPs are
potential carriers of metals from even a lightly polluted aqueous environment. Metals
may in this case accumulate onto the MPs surface, with increasing efficiency as the
particle size becomes smaller and thus the specific surface area increases. Soiling
material (clay, silt, etc., as well as adhered organic matter) could also contribute to the
accumulation of metals onto MPs by modifying their surface properties and effective

surface area.
4. Conclusions

The results of this study, aiming at assessing the state of contamination by MPs in the
farmland soil of Moknine province in Tunisia, showed significant pollution mostly
related to the local intensive agricultural practices, and in particular to extensive use of
plastics mulches and greenhouse coverage. The concentration of MPs in the greenhouse
farms was higher than in enclosed farms away from, suggesting a possible risk of
agricultural activities on the side of the greenhouse. The MPs isolated from soil samples
were identified by a combination of FTIR and Py-GC/MS. Polymer identifications by
Py-GC/MS and FTIR analyses on the same particle were generally in agreement
confirming their reliability as complementary techniques for MPs identification in
agricultural soil; better accuracy can obviously be achieved when both techniques are

applied.

The presence of MPs from textiles and of heavy metals, as detected by ICP-MS,
suggested a contribution to the overall contamination by wastewaters from nearby urban

and industrial sites, as they are commonly used for irrigation.
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Figure captions

Figure.1: Sampling location in Moknine area, and the sixteen sampling points of agriculture
soils.

Figure.2: Microscopic images of observed fibers detected in the agricultural soils by A, B, C,
D: Dark field and A1, B1, C1, D1 UV light of PP and PAN.

Figure.3: Chromatogram Pyrolysis-GC/MS of (A): PP (Blue, Grey and White fiber), (B): PAN
(Green fiber) and (C): PET (Grey fiber).

Figure.4: SEM images of the surface morphology of some microplastic particles; A (S2), B
(S1) and E(S7) (Sonicated): surface of PE fragment., C (S12) and D (S4): PP fibers surface
and F(S13): the surface of Nylon fiber.

Figure.5: Heavy metal contents in MPs and in the corresponding soils (ug'g™') of each
sampling site.

Supplementary material

Figure.S-1: The polymer: (A): types, (B): size and (C): colors distribution of MPs within
sixteen samples from the region of Moknine province.

Figure.S-2: Chemical identification of MPs polymers via FTIR; A: HDPE: high-density
Polyethylene; B: LDPE: low-density Polyethylene or LLDPE: Linear Ilow-density
Polyethylene; C: PP: Polypropylene; D: PAN: Polyacrylonitrile E: Nylon; F: PET:
Polyester; G: cellulose.

Figure.S-3: Differential scanning calorimetry thermal of two polyethylene fragments.

Table.S-1: Observation of the morphology of microplastics by SEM: interpretation of the sign
degradation referred to figure legend.

Table.S-2: Important absorption bands and assignment for -FTIR spectra of MPs detected in the
agriculture soils.

Table.S-3: Main Pyrolysis product of different fiber microplastics.

Table.S-4: Application of pyrolysis coupled to gas chromatography and mass spectrometry (Py-
GC/MS) to the characterization of fibers in environmental samples, in the context of the
study of MPs contamination in agricultural soil in Moknine, Tunisia.
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Microplastics (MPs) were isolated from intensive farming soils of Tunisia

The concentration of MPs in the soils investigated ranged from 50 to 880 items/kg
Synthetic textile fibers shorter than 1 mm were the dominant MPs types

The greenhouse and plastic mulch have been identified as possible MPs point
source.

DSC and Py-GC/MS technique offer a promising option in the field of MPs
analysis
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