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Highlights

*  Microplastics (MPs) contamination is an environmental issue

* Plastic particles have been observed almost worldwide in every natural environments
* A proper quantification of dispersed particles in sediments is still difficult

* Different extraction methods of MPs from sediments are described

* A valid alternative in term of reliability and costs for the extraction is proposed
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Abstract: Microplastics (MPs) contamination is an existingl aoncerning environmental issue.
Plastic particles have been observed worldwidevaryenatural matrix, with water environments
being the final sink of dispersed MPs. Microplagtistribution in water ecosystems varies as a
function of multiple factors, including polymer perties (e.g., density and wettability) and
environmental conditions (e.g., water currents tamdperature). Because of the tendency of MPs

to settle, sediment is known to be one of the nmagiacted environmental matrices. Despite the
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increasing awareness of their diffusion in sedimeatproper quantification of dispersed particles
is still difficult, due to the lack of standard pwools, which avoid a proper comparison of différen
sites. This hampers the current knowledge on enmiemtal implications and toxicological effects
of MPs in sediments. In this work, we examined #@lies carried out from 2004 to 2020 to
describe the different extraction methods appléed] to highlight pros and cons, with the aim of
evaluating the more promising protocols. Therefore, evaluated each proposed method by
considering precision, reproducibility, economiahility and greenness (in term of used reagents).
Finally, we proposed a valid alternative procedareerm of reliability and costs, which can attract

increasing interest for future studies.

Keywords: microplastic, sediment, extraction method, standarotocol, density separation,

oleophilic

1. Introduction

Microplastics (MPs, i.e. plastic particles withesk5mm) pollution in natural habitats has been
considered a potential concern since 1980s [1],ewvewonly recently it has been recognized as a
global threat due to its diffusion at a worldwidevel [2]. Indeed, all the environmental
compartments are reported to be affected by plasilution [3—6] and water environments are
known to be the most struck [7].

MPs have been recognized as an “emerging contathifi@g)®] due to their persistence,
ubiquity and risks posed to aquatic and soil orgrasi [10-19]. Besides direct negative effects
derived from the ingestion of particles [20—22]P#can act as both sources of toxic chemicals by
releasing plasticizers and additives [23—-25], whiah lead to a disruption of biological processes
(eg, endocrine disruption [26,27]), and as sinkshigdrophobic contaminants [28,29]. Moreover,
recent findings showed that MPs can also interattt tvace metals in environmental conditions,

acting as a vector for toxic element uptake by aqaend terrestrial organisms [13,30-32].
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More recently, the degradation of MPs and the @rrtiormation of nanoplastics, defined as
particle smaller than <1 um [33], have attractedswmierable interests at global scale for their
environmental implications. However, the technitifficulties in investigating particles of this siz
in the environmental media have hindered to obtagliable comprehension of their
ecotoxicological effects [34]

Whereas studies concerning the presence of MPsii@rsvdate back to 1970s [35], only in late
1990s, scientists have started to monitor bothnsewli and beach litter [36—38]. The number of

records available in Scopus database (https://weopLss.com/home.uri) regarding studies that

explore the presence of MPs in sediments are mesh abundant than those of MPs in water
(Figure 1). Moreover, research on MPs in sediméetsame relevant after 2010, and only from
2016 they have started to increase exponentially.

While the presence of MPs in sediments is repovteddwide [10,40,41], the lack of a
standardized method of analysis hampers the coemptessment of MPs pollution in sediments
[39], and therefore, still now, it is difficult tevaluate the ecotoxicological implications of MRBs i

this compartment [40].

1200 + Water B
Sediment

1000 =

800 -

600 -

400

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Number of studies per year
|

Year



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Figure 1. a comparison of studies concerning the presenchiRé in sediments (in
yellow) and water compartment (in blue) from thstlgen years. Data were obtained by

searching “microplastics + sediments” and “micrgfitss + water” on Scopus database.

The fate of MPs in aquatic ecosystems, includinginsents, depends on several variables
related to both the water body (e.g., wind, cuseand geographical location [40]) and the plastic
properties (e.g., the polymer density and the gradageing [42,43]). Therefore, while floating
plastic litter might be easily deposed on beackassing severe pollution of this compartment,
plastic particles sink along the water column re@aghthe sediment. Furthermore, due to the
dynamics of MP sedimentation [44], those partidesded with pollutants or incorporated in
organic matter are more likely to sink and accuteuia sediments [45,46,47], leading to an
increased accumulation of contaminants in this @nnpent and possibly enhancing toxicological
risks for benthic organisms. The sediment compartrakso shows anoxic conditions which favor
the accumulation of chemicals. Indeed, the anoxiirenment alters the redox equilibria, and since
the load of metals is highly affected by the geaaical background [48,49], several anthropogenic
metals (e.g. Pb, Cd and Hg) and hydrophobic comams$ can accumulate in higher content
compared to the water column [50,51].

Consequently, there is an increasing necessityantify litter and characterize MP particles in
sediments [52]. The first step to gain a clearenp@®hension of the effects of MPs on ecological
processes is to properly measure their abundarge Ifbthis context, several studies have been
already carried out as sediments result seriolsBatened by different effects of plastic pollution
[4,51,54—-61]. However, despite the increasing amess and concerns, a standard protocol to
extract MPs from these compartments is still lagki62]. The lack of a unified method hinders
data harmonization and comparison in different emmental settings, making a global

comprehension of the amount of plastic dispersesdiments unrealizable.



82 Principal confounding factors of MP quantificationsediments are related to: i) selection of
83 the sampling site and temporal pattern [4,52,63-#)/}isk of procedural contamination during
84 laboratory protocols [68], correlated also to poblesreagent contamination [69]; iii) efficiency of
85  separation strategy; and iv) the lack of a harmemhimeasurement unit, which leads to an unreliable
86 comparison of results [70]. For instance, some dataexpressed as number of MPs per mass of
87  sediments (dry or wet) [57], whereas others asstger mi, making the entity of contamination
88 impossible to understand [71]. As an example, évellof MPs contamination in European rivers
89  still cannot be compared due to this discrepaneyeéasurement units [40].

90 While wide effort has been invested in reviewinghpling procedure, little interest has focused
91 on the chemical extraction and analytical techrsgfee a systematic characterization of plastics
92 [62,72-76], as well as on the comparison of sefmaraéchniques to isolate MP samples from the
93  matrix, which is still missing in literature. Re¢eneviews, in fact, overlooked the comparison of
94 methods also in terms of costs, feasibility andanability of the chemicals adopted for extraction
95 [77-80]. Therefore, considering the general lackradwledge, in this paper, we described different
96 methods of MPs extraction from sediments, consigesiso pros and cons. The aim of this study is
97  to support the development of a standardized pobtocallow not only data comparison, but also a
98 complete understanding of the entity of contamaratn sediments by MPs. Finally, this study also

99  proposed an alternative, reproducible, green astiaftective method for density separation.

100 2. Reviewed Literature

101 A total of 49 studies, carried out in different &ons from 2004 to 2020, was collected and
102 compared to evaluate the whole development of #eacion techniques, starting from the first
103  deployed one up to the most recently proposed. i&udoncerning MPs contamination in
104 sediments are much more than 49 (see Figure 1pftart provided information are redundant and

105 unclear. Our intention was to consider differendecatudies carried out with several approaches
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without providing too much information with the abm avoid gaining a confused and fragmentary
understanding.

Although this study is mainly focused on MPs inusttine sediments, we decided to include
also research carried out on aquatic sedimentemergl, to avoid the disregard of some worthy
methods.

Across all studies considered, 73.5% (N = 36) me$teft,8,61,64,81-88,10,89-98,53,99—
104,54-57,59,60] used methods based on densityradepa 10.2% (N = 5) used a density
separation combined with other techniques [105-1808] 6.1% (N = 3) used oil extraction strategy
[109-111]. The remaining studies employed elutrati[112] and electrostatic separation
techniques [113], as well as depolymerization amdbsequent quantification methods of
terephthalic acid [114,115]. In few cases, différeanalytical protocols were proposed in
combination [114].

From Table 1, it is possible to note that differdisicrepancies between the considered methods
still exist. Besides the measurement units, alecsthe range of separated MPs is not consistent in
the available literature, which is possibly duethie lack of a univocal definition of MPs [105].
However, the size of particles is a key factor stablishing the extraction potentials [94] and this
parameter needs to be considered for the seleatitile separation method to deploy. In addition,
guality assurance and quality control (QA/QC) fastare not always expressly illustrated by each
authors and, since contamination of samples isrgooitant source of error, this aspect should be
taken into account as this could influence theltesibtained by each applied method [116].

Bearing in mind these weaknesses, different extragirotocols are fully analyzed in the next
paragraphs, with a particular focus on density s method, which represents the most applied

technique in literature so far (Table 1).
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Table 1. Summary of different methods proposed in reviewtdlies for the extraction of MPs from sedimentsndfpal parameters
consider to characterize each study are: (i) metlapgroach apply by each author; (ii) chemical$tedent reagents employed in
protocols; (iii) matrix: type of sediment subjectedseparation process; (iv) recovery efficien@parcity of the protocol to separate MPs
from sediments; (v) unit: measurement unit useekfwress the concentration of MPs in sediments;s{zg range: dimension of considered
plastic particles; (vii) quality assurance and guatontrol factors (QA/QC): approach used durimgparation process with the aim to
reduce and quantify sample contamination and iegalbdness; (viii) country: place where studiesshasen carried out. Some fields are

incomplete due to the lack of information in stgdikighlighting different approaches applied byhaus.

RECOVE
RY SIZE COUNTR
METHOD CHEMICALS MATRIX UNIT QA/QC REFERENCE
EFFICIEN RANGE Y
CY
sediments
from beaches
density 20 umiin United Thompson et
NacCl and estuarine - items/mL -
separation diameter Kingdom al., 2004
and subtidal
sediments
density beach Ng and
NaCl - - >1.6 um - Singapore
separation sediments Obbard, 2006
density coastal 500 pm -
NacCl - items/mL - Sweden Nor, 2007
separation sediments 7 mm




D09

density beach 1.38 - Corcoran et
NaJWOL - stainless equipment Hawaii
separation sediments 6.50 mm al., 2009
density beach 2-20 Ivar do Sul et
filtered seawate items/g - Brasil
separation sediments mm al., 2009
number
density beach
tap water of 2-5mm stainless equipment China Zurcher, 2
separation sediments
particles
sediments
density items/50 United Browne et al.,
NacCl from an <1mm -
separation mL Kingdom 2010
estuarine areg
Australia,
Japan,
Oman,
United
Arab
Emirates,
density sediments Browne et al.,
NaCl - <1mm cotton clothing Chile,
separation from shoreline 2011
Philippine
s, Azores,
South
Africa,
Mozambi

que, UK




mean %
density sediments 250 um - Carson et al.,
NacCl - abundanc - Hawaii
separation from shoreline 4 mm 2011
e
items/kg
density marine 68.8% - dw.; Claessens et
NaCl - - Belgium
separation sediments 97.5% mg/kg al., 2011
d.w.
density beach 50 um - Martins and
NaCl - items/m2 plasticfree equipment Portugal
separation sediments 5 mm Sobral, 2011
density aquatic <1lmm- Imhof et al.,
ZnCl0J 955+1.8 - plasticfree equipment Germany
separation sediments 5 mm 2012
Liebezeit and
density beach items/10 <100 Frisian
ZnClJ - triplicate analyses Dubaish,
separation sediments gd.w. um Islands
2012
100%
PVC, 98%
elutriation +
spiked fibers, 10 um - Claessens et
density Nal - - -
sediments 94%-98% 250 pm al., 2013
separation
microspher
es
density beach abundanc| <500 Lombard | Imhof et al.,
ZnCl(l 95.5% -
separation sediments e% pm-<5 y, Lake 2013




cm Garda
elutriation + Van
beach items/L;
density Nal - - - Belgium | Cauwenbergh
sediments kg/d.w.
separation eetal., 20134
sediments
density items/kg | 15 um - Vianello et
NaCl from shallow - plasticfree equipment, cotton laboratory coatscedaral blanks Venice
separation d.w. 2.5 mm al., 2013
areas
density beach Canary | Batzanetal.,
water - g/L <5mm -
separation sediments Islands 2014
density beach items/ g Mathalon et
NacCl - <5mm - Canada
separation sediments d.w. al., 2014
99% + 3.0
PE; 96% =+
6.6 PP;
97% + 6.4
fluidization + PVC; 91% | number
(i) Nacl; (ii) beach 500 um - Frisian Nuelle et al.,
density +10.4 of stainless equipment
Nal sediments 3 mm Islands 2014
separation PET; 92% | particles
+9.8 PS;
68% +
24.8 EPS;
96% + 9.2

10



PUR

fluidization + 500 pm
(i) NacCl; (ii) beach items/kg Frisian Dekiff et al.,
density - <x< plastic free equipment, procedural blanks
Nal sediments d.w. Islands 2014
separation few cm
0-40%
yellow,
orange and
pink
particles;
45% - 63%
density beach items/kg <15 Baltic Stolte et al.,
CaClJ transparent plastic free equipment, minimising the number afdimg steps
separation sediments d.w. mm coast 2015
particles;
60%-100%
blue, violet
and green
particles
(PE)
beach Zhu et al.,
elutriation water 50.2% - 5 mm - -
sediments 2015
density shoreline items/kg <300 central Fischer et al.,
NaCl - stainless equipment
separation sediments d.w. pum-1 Italy 2016

11



mm (Lake
Chiusi,
Lake
Bolsena)
oil extraction shoreline 96.1% + > 400 Crichton et
canola oil %l/kg stainless equipment Canada
protocol sediments 7.4 um al., 2017
density estuarine 95.8% + | items/kg | 100 um-| cleaned equipment placed inside a laminar flow herudi covered United Coppock et
ZnCl()
separation sediments 1.6 d.w. 1 mm with clean aluminium foil Kingdom al., 2017
density river items/10 United Horton et al.,
ZnClJ - 1-4mm control samples
separation sediments g Kingdom 2017
canal and
density items/kg | 10 pm - Leslie et al.,
NaCl marine - plastic free equipment; procedural blanks Holland
separation d.w. 5 mm 2017
sediments
200-400
pum-HJIO
85-95%;
tap water - NaCl NaCl cotton laboratory coats, plastic free equipmemameed equipment,
density marine 200 pm - Quinn et al.,
- NaBr - Nal - +90%; - taping technique to examine lab benches, contratrabspheric Scotland
separation sediments 1 mm 2017
ZnBrlJ NaBr contamination, procedural blanks
>90%; Nal
+ 95%;
ZnBrl

12




95%;
800-
1000pum -
HOO 60-
80%; NaCl
70-
80%;NaBr
> 80%;
Nal +
90%;
ZnBr

>95%

density

separation

Food-grade
table NaCl —
reagent grade

NaCl

sand

HDPE -
reagent
grade
NaCl:
81.28%-
95.11%;
food-grade
table NaCl
36.99%-

74.42

Ha/kg

100 - 850

pum

plastic free and cleaned equipment, cotton laboyratothes

Spain

Sanchez-
Nieva et al.,

2017

13




two step

bottom marine items/kg > 400 cotton aboratory clothes, plastic free equipmevrd|uation of air Zobkov et al.,
density ZnClJ 92+ 7% Baltic Sea
sediments d.w. um dispersed MPs 2017
separation
quartz sand,
electrostatic | Korona Walzen| freshwater 63 um - Felsing et al.,
100% - - -
separation Scheider sediments, 5 mm 2018
beach sand
two step
river items/kg | 20 um - Lin et al.,
density NaCl - procedural blanks, cotton laboratory clothes, mdste equipment China
sediments d.w. 5 mm 2018
separation
centrifuged
with salt
marine items/kg | 100 um - Collicutt et
solution — CaCl’ - - Canada
sediments d.w. 5 mm al., 2019
density
separation
<100
density river items/kg Fan et al.,
KF - pm - > - China
separation sediments d.w. 2019
1mm
density soil and items/kg | 100 pm - Han et al.,
mix NaCl-Nal 90% - China
separation sediments d.w. 6 mm 2019
density strandline items/kg | <1 mm - Korez et al.,
NaCl 86% - 90% plastic free equipment Sloveni
separation sediments d.w. 5 mm 2019

14




spiked

sample:
99% =+ 4.4;
oil extraction marine beach 300 pm - Mani et al.,
castor oil environme - plastic free equipment -
protocol sediments 1mm 2019
ntal
sample:
74% + 13
density stream items/kg | 500 pm - Toumi et al.,
NaCl - plastic free equipment, procedural blanks Tunisia
separation sediments d.w. 2mm 2019
surface and
density items/kg | 50 pum - filtration of all epmployed liquids, plastic freg@pment, cotton Wang et al.,
Nal core - China
separation d.w. 5mm laboratory clothes, procedural blanks 2019
sediments
Dichloromethan
e, diethyl ether,
PET
xylene,
depolymeriza
methanol,
tion and
hydrogen marine and
quantificatio Castelvetro et
peroxide, freshwater 98.2% ppb - preliminary evaluation of exhaustivenafsthe recovery of TPA Italy
n of the al., 2020
sulfuric acid, sediments
terephthalic
acetic acid,
acid (TPA)
sodium
monomer
hydroxide,
hexadecyl-

15




tributyl-
phosphonium-
bromide, zinc
acetate,
deuterated

chloroform,

hexafluoroisopr

opanol
combination
of different freshwater Corti et al.,
- - ppm <2mm - Italy
analytical sediments 2020
protocols
67% +2.3
(fibres);
63% + 3.5
oil extraction river (microbead| items/kg <400 laminar flow hood, plastic free and cleaned equiptmeotton Crew et al.,
canola oil Canada
protocol sediments s); 61% + d.w. um laboratory clothes, procedural and contaminatiamks 2020
2.2
(fragments
)
PET methanol,
beach 94.5% - Muller et al.,
depolymeriza butanol, mg/kg - - Germany
sediments 107.1% 2020
tion and hydrochloric

16




136

quantificatio | acid, potassium
n of the hydroxide
terephthalic
acid (TPA)
monomer
beach and beg plastic free equipment, cotton laboratory clotlwesitrol blanks, all
density (i) NacCl; (ii) recoverie Rivoira et al.,
marine > 85% - water used during procedures was filtered. All st@pre carried outy Portugal
separation ZnCl, s % 2020
sediments inside a flow cabine
density organic rich 90.7% £ 100 um- Vermeiren et
ZnCl0J items/L plastic free equipment, cotton laboratory clotipescedural blanks Japan
separation sediments 7.7 3 mm al., 2020
heating
assisted beach items/kg | 100 pm- X. Zhang et
NaHZIPOL 93% plastic free equipment China
density sediments d.w. 5 mm al., 2020
separation
western
density deep-sea items/kg | 100 pm- D. Zhang et
NaCl - KI - plastic free equipment, cotton laboratory clothpescedural blanks |  Pacific
separation sediments d.w. 5 mm al., 2020
Ocean
two step
river items/kg | 300 um- | cotton laboratory clothes, evaluation of atmosphitPs, procedural L. Zhang et
density NaCl - China
sediments d.w. 5 mm blanks al., 2020
separation

17
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3. Proposed methods for extraction of MPs

The separation of MPs from complex matrices isloii@us practice that can represent an
important source of error in the MPs quantificatiffl7]. The content of organic matter in
sediments is affected by the environmental conastiof deposition: in lentic ecosystems, where the
decomposition rate is high, the quantity of orgamiatter found in sediments results higher than
that in riverine ecosystems [118]. A good estinaitéhe organic content and the application of an
adequate digestive process are key steps for mreatfseparation of plastic particles [119]. Indee
the main factor that affects results is the tengesfcconfusing the plastic particles with residual
natural debris and organic matter. Furthermoregraatized techniques for this process are still not
reported, so the extraction protocol may take lomges. Therefore, finding an efficient and easy
applicable protocol would maximize the successhef process. In the following paragraphs, we

report the principal methods proposed in literatoreMP extraction.

3.1. Density separation

Density separation is a method based on differeincégnsities between sediments and MPs
[111]. The separation between sediments (with @name density of 2.65 g/cm? [21,120]) and MPs
(which are less dense, with a maximum density 88 h/cm3, Table 2) is achieved by producing a
fixed density solution for the separation, miximgefed or distilled water with a variable amouffit o
a selected salt. In this way, while sediments glagi settle down, MP particles float on the
superficial layer of the dense solution [111,12&¢ a&an be easily separated to undergo further
analysis. In this process, the selection of thesidgrf the extraction solution in relation to thadt
the polymer type is crucial [122]. Therefore, th#fedent densities of plastics and those of the
extraction solutions reported in literature are swarized in Table 2 and 3, respectively.

Density separation to extract MPs from sedimentrima$ the most used technique [123],
representing 73% of considered studies (Table lthofigh this method appears to be easily

applicable, a careful choice of the most approerslit is required to achieve the right density of

18



162  the solution and the best recovery rate of pladliateover, during the density separation process,
163  organic matter may float with plastic particles, king complicated to discriminate plastic litter
164  from organic matter and, therefore, the method imrglquire further treatments (e.g., chemical

165  digestion [102,[125]).

166 Table 2: Densities of the principal types of plastic polysEr26]
Density
Polymer
(g/cm?d)

0.917 -
polyethylene (PE)

0.965
polypropylene (PP) 0.9-0.91
polystyrene (PS) 1.04-1.1
Nylon 1.02-1.05
Polyester 1.24-23
polyvinylchloride (PVC) 1.16 - 1.58
polyethylene terephtalate

1.37-1.45
(PET)

Polyurethane 1.2
167 Sodium chloride (NaCl) is the most used salt tdguer density separation, representing 45%

168  of studies from literature (Figure 2). The choideNaCl is principally related to the fact that this

19
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salt is low cost and “environmentally friendly” [@22]. However, some polymers (principally
polyester, PVC and PET) have a higher density tha6! (1.2 g/cr) and, therefore, can not be
separated using this approach [111]. In order toese the recovery rate of MPs, some authors
have tested other higher density salts, such aschiloride (ZnCJ) [53,55,57,88,101,122], sodium
iodide (Nal) [60,122], calcium chloride (Cafl[92], sodium tungstate (N&/O,;) [82],
monosodium phosphate (NgPDy) [102], sodium bromide (NaBr) [94], zinc bromidénBr,) [94],
potassium iodide (KI) [61] and potassium fluori#kd=§ [98]. In a recent study from 2019, Han et al.
[99] proposed a mix between NaCl and Nal to inaz¢he recovery rate of MPs, reaching a density
of 1.5 g/cm. Differently, some other authors tried to perfatensity separation by using tap water

[83,90,94,127] or filtered seawater [54].

@ Nacl
@ ZnCl,
B Water
@ CacCl,
O Nal
45% B Na, WO,
ONaH,PO,
B Filtered seawater
mKl
mKF
B mix NaCl-Nal
@ NaBr
17% OZnBr;

2-3% each

7%

Figure 2: Chemicals used to perform density separation msicered studies.

The various alternative of chemicals for densitiraction procedure led to confusion in choice
of the most suitable method. To clarify the mostadile salts for density separation, a comparison
of the main physicochemical characteristics ofdifferent salts proposed in literature is repoited
Table 3, considering also the sustainable and enmnaspects.

From a density prospective, since polymer vary ffag (PP) to 1.58 (PVC) g/chin density,

ZnCl,, Nal, KI, ZnBr and KF are considered the best salts to achievefficient density
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separation. Howecer, while these substances prdangtter performances of extraction [122], they
have the drawback to be dangerous for aquatic di@table 3) [111] and present serious health
hazards; zinc chloride, for instance, can be coreosvioreover, Nal, NaWOl], KI and KF are
expensive, so they may not be suitable to achieRs Bktraction using large amount of sample or
for long monitoring programs.

Alternatively, NaH1PO[] appears to be a good compromise: it allows radiabitraction
performances, it is cost-effective, non-hazardeus] able to achieve a good recovery rate [102].
However, the extraction with NaHP Ol could be overly complex due to the necessity tt kiee
solution to enhance its density, possibly decrepsiethod replicability. Caglepresents another
good alternative due to the low cost and relativiely risks, but this compound has a density
ranging between 1.3 and 1.35, which does not attevretention of PET (1.37 — 1.45) and PVC
(1.16 — 1.58) particles. For this reason, Ga@énsity should be incremented for extraction
procedure.

To the best of our knowledge, ZnGias emerged as the most performing density séparat
method in terms of both recovery [53,55,87,101] pracess simplicity. However, ZnCis very
expensive, and therefore should be used for @ansedensity separation after a NaCl step, [104].
Morever, it is an hazardous substances, and ttsusseé should be avoided.

Once the most appropriate salt has been seleast® attention should be given to develop a
relevant procedure protocol to perfom the MPs a®alyas well to the glassware and materials to
be used. In this context, some authors have bdssd density separation protocol on only one
extraction [8,10,81], whereas some others performesecond extraction to achieved the best
separation rate [57,60,85,86,89,101]. Since sewwralies have recommended the necessity to
repeat flotation duplicating the process could lgoad strategy to optimize results [57,105]. With
regard to materials to use, authors usually acheeaatisfying separation by using laboratory
glassware [8,56,86,89]; however, in some other s;aspecial devices such as Munich Plastic

Sediment Separator (MPSS) [87], Sediment-Micropasblation unit (SMI) [53], and a separation
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column with a top overflow (OC-T) [101] have beeevdloped. In general, the use of canonical
glassware would be advantegeous as this, comparsgetial devices, does not force the physic
separation of plastic particles from sediments. @ddwer, the use of standard glassware combined
with an appropriate extraction solution have alyeptboved to achieve an easy and feasible MP

analyses.

Table 3: Characteristics of substances used to achieve tgeseparation in considered
literature. Different colors are used to highlighe quality of each features (green for
good, orange for average and red for poor). Dateh@micals characteristics are retrieved

from ECHA database (European Chemicals Agencysiitgzha.europa.eu/information-

on-chemicals ), while prices are from Sigma-Aldr{glww.sigmaaldrich.com)

FINAL
DENSITY
SUBSTANCE OF CAS no. HAZARD CLASSIFICATION  |PRICE (€/kg)

SOLUTION

(g/cm?)

107.00 (reage

Sodium grade) 0.45 -
7647-14-5| No hazards have been classifie(
chloride 3.00 (table
grade)
Zinc chloride

Sodium iodide 7681-82-5

22



Calcium

91.10

10043-52-4 Causes serious eye irritation 81.20
chloride
Sodium
1.4 10213-10-2 Harmful if swallowed
tungstate
Monosidum | 1.4 -1.45 No notified hazards by manufactur
7558-80-7
phosphate (40°C) importers, or down user
Potassium
17 | 7681110
iodide \. O
Sodium
7647-15-6| No hazards have been classifie 138.60
bromide
Zinc bromide 1.7 7699-45-8

195.00
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Potassium
1.5 7789-23-3
fluoride

After a proper extraction, floating particles can be separated from the flotation
medium using different procedures. The most common one is generally performed by
filtering the superficial layer [8,81,87] or by adding a dense solution in excess to overflow
supernatant [57,95]. Other complementary processes can be applied after the extraction
procedure, which includes elutriation or centrifugation, both allowing to reduce possible
sample loss, and therefore increasinge the recovery rates [105,107,108]. Collicutt et al.
[106], for instance, have applied a method to extract MPs that combines the use of a CaClz
saturated solution with centrifugation; other authors performed a MPs extraction by
preceding floatation in a saturated Nal solution with an elutriation step, with the aim to
decrease the sediment sample mass and improve the separation [108]. Elutriation process
can be also applied as a separate method [127]: it consists in an upward stream of gas or

liquid by which ligther particles are separated from heavier ones.

3.2. Oil extration protocol (OEP)

The extraction of MPs from sediments using oil is an innovative method based on the
oleophilic properties of plastics. This method is independent from the plastic density

characteristics and is unaffected by the presence of organic matter in samples, which
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differently floats together with MPs, when density separation is applied. Furthermore, this

process presents high cost-effectiveness and easiness of application [107-109].

The oil extraction protocol (OEP) was firstly proposed by Crichton et al. [111] and later
revisited by other authors [107,108]. Practically, the protocol consists in adding few
milliliters of oil to the filtered water mixed with dry sediments, and then, placing the
solution in a shaker, to allow the oil to get in contact with the sample; these steps are
followed by a funnel extraction. At this point, the oil layer is filtered, and then filters are
treated with reagent (e.g., alcohol or no-foaming detergent) to remove the oil residues that
could affect subsequent analysis.

One of the procedural errors that all protocols need to face is derived from the
possibility that particles might remain in sediments without dispersing in oil [109,111] or
remain on filters when manually collected [108], leading to an underestimation of MP
abundance. Despite these limitations, Crichton et al. [111] and Mani et al. [110] reported
good recovery rates on spiked sediment samples, but those rates decreased when tested on
a real environmental sample [109].

Potential weaknesses have been identified from this first proposed method, that
consist principally in the incompatibility of the detergent and reagent alcohol with the
Raman and FTIR analysis, and in the underestimation of coarser particles of extracted
MPs, due to the outlets size of the separation funnel used in the protocol [129]. Further
studies tried to adjust several steps of this method to improve the overall performances.
For instance, Scopetani et al. [128] resolved these weaknesses by promoting separation in

polytetrafluoroethylene cylinders equipped with a removable cap and a piston, when
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dealing with MPs in soil and compost. Following this protocol, samples are frozen at -40°C
and only the oil layer is pushed out and filtered. Filters are subsequently rinsed with
hexane, rather than reagent alcohol, to avoid interferences with spectroscopic methods
[111], and polymer particles are collected to undergo further analysis.

Overall, OEP is an efficient method that allow to overcome problems related to density
and costs of reagents. From the available literature, generally authors used 3 mL to a
maximum of 10 mL [110] of oil for each extraction, and, considering treating 50 g of
sediments at time, with 1 L of oil is possible to achieve separation of 5 kg and 17 kg of
sediments, respectively.

Besides oil, the use of detergents, alcohol [111] or hexane [109] is needed to clean filters
and, therefore, to characterize polymers by spectroscopic analysis. This cleaning step
implies that possible sample contamination could additionally arise, even if performed
directly on filtration unit [111]. Moreover, the use of other substances increases costs and
the environmental hazard of the method. To avoid the use of additional reagents, Mani et
al. [110] proposed to pick separated particles by hand to perform chemical analysis by
FTIR, however, this alternative could easily cause the loss of particles, leading to
underestimation.

In summary, research effort is still needed to optimize the protocol and to reduce the

number of steps involved to reduce possible source of errors and sample contamination.

3.3. Other proposed methods
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In addition to the use of density separation and OEP, Felsing et al. [113] performed
electrostatic separation to achieve MP separation from sediments , other authors tried to
pressurize fluid extraction [130], others used depolymerization and subsequent
quantification of terephthalic acid [114,115], and Corti et al. a combination of different
analytical protocols [131]. All the mentioned procedures showed notable results, with
relatively fast separations, however, they are seldom used since they require complex
instrumentation settings. The following paragraphs described in details the

abovementioned procedures.

3.3.1. Electrostatic separation

The electrostatic separation [125] permits to separate plastic particles from the matrix,
basing on their electrostatic properties [113].

In the first study reporting this methodology [113], the authors used a Korona-
Walzen-Scheider (KWS) separator, manufactured by Hamos GmbH (Penzberg, Germany).
In this process, the sample is inserted in the system by a filling funnel and then the
particles are scattered onto the metal drum by the vibrating conveyer. By rotating, metal
drum brings particles into a high-voltage field where the electrostatic charging of particles
takes place. Due to the rotational movement of the drum, the particles are discarded into
different sample collectors according to their speed of discharge: non-conductive materials
(MPs) are slower than conductive materials (sands grains) and so are collected in separate

discharged zones.
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Felsing et al. [113] obtained a separation efficiency as high as nearly 100%,
demonstrating the effectiveness of this method. Electrostatic separation allows to
overcome issues of density and possible alteration of MPs structure caused by chemicals
[108]. Moreover, both sample handling and number of procedural steps are reduced,
increasing method replicability. However, a separator device could be very expensive and
unprofitable to analyze small amounts of sediments, and this is the reason why the use of

this method is still limited.

3.3.2. Pet depolymerization and quantification of terephthalic acid

This method has been proposed with the aim to quantify PET micro and nanoparticles
using an accurate and sensitive protocol [114,115]. It consists of an aqueous alkaline
depolymerization of PET with a phase transfer catalysis, followed by an HPLC
quantification of terephthalic acid (TPA), which is assumed to be the only dicarboxylic
acid comonomer in this polymer. The alkaline depolymerization of PET results in the
formation of 1:1 mixture of TPA salt and ethylene glycol, then, by quantifying TPA, it is
possible to derive the amount of PET in the sample.

The TPA quantification can be affected by interference with other organic compounds,
however the recovery rate is up > 94% [114,115]. Limitations of this process are several:
tirst only PET can be analyzed, secondly, samples are destroyed, making further
investigations unavailable. Finally, this procedure involves the use of several chemicals to

perform the reactions and requires expensive equipment.

4. Comparison of proposed methods
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From the comparison of the described techniques, it emerges that recovery efficiency
shows a wide variance (Figure 3), even when the same method is applied. In the case of
density separation, the salt selected to perform the separation not only can lead to
differences in recovery rates, but also to high variance [53,101]. This may depend on
variability in the procedures used by each author, and from the density of extracted plastic
particles, which, overall, highlights the urgent need to develop a standard procedure
protocol. Another issue that might influence the extraction rates is related to the polymer
particles size range. As highlighted in a study carried out by Quinn et al. [94], same
reagents show different efficiency based on the target MP sizes. However, the whole
considered density separation methods shown a recovery efficiency > 80%, except for
separations performed with food-grade table NaCl [95] and CaCl:[92]. In fact, Stolte et al.
[92] revealed the efficiency rate for two samples which are 49% and 62% respectively, with

an average value of 55,5%.

100
E™E

80 -

60 =

Recovery rate (%)
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Qil extraction
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Figure 3: Comparison of recovery rates reachable on spiked sediments using density
separations with different salts, and with oil extraction procedures on spiked sediments.
Red and yellow areas indicate the ranges, while black symbols indicate the average values.
Data for CaClz are from Stolte et al., 2015 [92]; data for NaCl are from Claessens et al., 2011
[85], Korez et al., 2019 [59], Sanchez-nieva et al., 2017 [95]; data for NaH2POs from Zhang et
al., 2020 [102]; data for Nal from Claessens et al. 2013 [105]; data for ZnClz from Vermeiren
et al., 2020 [101], Coppock et al., 2017 [53]; data for canola oil from Crichton et al., 2017
[111]; data for castor oil from mani et al., 2019 [110]; data for olive oil from Scopetani et al.,
2020 [128]. Only studies reporting recovery rates are depicted, and, regarding density

separation, only the most used salts.

Furthermore, a general trend observed in literature showed lower recovery values in
real environmental samples compared with spiked ones. This fact is evident in the study
carried out by Mani et al. [110]. Authors reported a recovery rate of 99% + 4.4% on spiked
sediments, while only 74% + 13% of MPs extracted from environmental samples. This
discrepancy might be related to the high heterogeneity in shape, size and color of
environmental plastic debris compared with laboratory-prepared plastic particles used for
spiking, making both the visual inspection and quantification after extraction more
complicated. The relation between the extraction efficiency and the particles aspect is
highlighted by Stolte et al. [92]. In this study, yellow, orange and pink particles are
recovered with an efficiency ranging from 0 to 40%, whereas blue, violet, and green
particles from 60% to 100%. The inefficient recovery of some particles may depend on the

difficulties related to visual identification carried out by the operator [132]. Moreover, the
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visual discrimination of plastic particles gets also particularly problematic when organic

matter and sediment grains are not completely removed.

In summary, relevant characteristics that need to be considered when selecting the
most promising protocol for future studies include precision, reproducibility, and costs of

the extraction method in relation to the targeted MPs. On this regard, all methods are

summarized in table 4, considering also their suitability.

Table 4: Suitability of proposed methods. +: favorable; +: medium; -: unfavorable

METHOD PRECISION | REPRODUCIBILITY | COST
Density separation * + *
Oil extraction protocol + + +
Electrostatic separation + + -
Chemical extraction + * -

According to the parameter established in table 4 and the recovery rates showed in
table 1, the electrostatic separation appears to be the most efficient method, but not for
routinely plastic extraction, due to high costs and complexity of process. On the contrary,
both the density separation and OEP are suitable techniques for routinely analysis. A more

detailed comparison of these methods is reported in figure 3, which addresses the most

suitable extraction [53,59,85,87,92,95,99,101,102,109-111,128].
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Although the number of recovery efficiency rates reported for OEP is lower than that
for density separation, data appear to be more homogeneous (Figure 3). Overall, recovery
rates for both density separation and OEP are mainly above 80%, with exception for CaClz

and NaCl, which show high variance of extraction recoveries. In summary, althoaghme

aspects need to be further addressed to improwerdeovery efficiency and replicability, these

procedures are easily reproducible and cost efiecti

5. An environmentally friendly alternative

To reach a suitable and green method to extract iiPs sediments, we propose a density
separation using a mixture of NaCl and sucroses Tethod is based on a low cost, widely used

and environmental friendly reagent for separatiohiological field [133,134].

5.1. Preliminary evidence

As previously reported, a NaCl saturated solutias the limit of being not dense enough to
efficiently separate all type of plastic particleswever, by mixing NaCl with sucrose, it is possib
to increase its density. In figure 4 the experiraemelation between the percentage of added
sucrose (Carlo Erba reagents, RPE grade) and tisitylef the NaCl saturated solution is reported.
These measurements have been produced after latyopaibcedures carried out at the University

of Insubria.
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Figure 4: Relation between % (weight/volume) of added sser@and density of NaCl saturated
solution. Black dashed line indicates the regresbie and light blue area indicate the 95%

confidence interval.

Using a saturated NaCl solution (prepared withaplare water) with an addition of 100%
(weight/volume) sucrose, a density of approximatel§0 g/cmi was achieved. To prepare this
solution, small amounts of sucrose were added ¢ostturated solution on a magnetic stirrer
equipped with a hot plate. The solution was heaté&tD°C to accelerate the dissolution of sucrose.

MPs, with size range of 500 um to 3 mm, were preduby mechanical fragmentation of
larger items. We selected polymers of this sizgyeato test this method because larger MPs are
easily detectable; moreover, the use of thesectesticontributed to identify possible method
weaknesses related to the viscosity of the solutiothis light, 10 MP particles for each type were
insert in different beakers, then NaCl/sucrose tsmiuwas added, and beakers were vigorously
shaken to verify if plastic particles would sink ftmat on solution surface. Laboratory tests were
carried out in triplicate.

Mean flotation percentage values for each polymerpaovided in figure 5, while data about

flotation results in table S1.
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Figure 5: Mean flotation % for each polymer basing on 3dtmn tests. On y-axis % mean

flotation is reported.

PS (1.04 — 1.1 g/ch PE (0.917 — 0.965 g/chn and PP (0.91 g/cthresponded to the treatment
according to their densities, reaching a meantftmtaof 100%, whereas heavier PET (1.37 — 1.45
g/cnt) and PVC (1.58 g/cfireached a mean flotation of 93.30% and 73.30%petively.

It should be noted that some high-density polynterg., PVC) can be partially recovered even if
the density of the solution is theoretically nopgased to separate all types of plastics. Indeed,
besides the density factor, the viscosity of thetsm could influence particles separation as well
In the current study, the viscosity of the sucreskition has been calculated based on the equation

proposed by Galmarini et al. [135]:

viscosity = A, e 1%
where Ap and A; are empirical parameters (at 20°Cy A 0.586; A = 0.059) andc is the
concentration expressed as g of sucrose/100g. Asguimat NaCl does not promote the increasing

of the solution viscosity, the viscosity of the ggat sucrose solution is about 213 mPa.

5.2 Evaluation of recovery efficiency on spikedreedts
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421 Since preliminary tests highlighted the possibility theoretically achieve a complete
422  separation not only of lighter particles (PE, PB) But also of heavier polymers, such as PVC and
423  PET, we tested this method on spiked sediments.

424  To evaluate the separation efficiency, 3 aliqudétsGog d.w. sediments were put in 3 different glass
425 beakers and spiked with a known number of MPs meduin laboratory by mechanical
426  degradation. After the addition of MPs, sedimen&senput in a separation funnel. NaCl/sucrose
427  solution was added in 3:1 ratio (150 mL of solution50 g d.w. sediments) and then the separation
428 funnel was vigorously shaken. After completed sediitation, spiked sediments were separated
429  from the solution, that was directly collected irduchner funnel for filtration. Sediments were
430 rinsed 3 times, and the recovered MPs were cotleate cellulose filters and then, visual sorted
431 using a stereoscope to assess the separatioreedfyci This separation process was tested in 4
432  replicates, and the recovery rates achieved in &sttare shown in table S2.

433 More than half of spiked MPs were separated in e, with a mean %R.R of
434  approximately 82.5%. As expected, PP and PE shawedovery rate ranging from 90% to 100%,
435  while PS, a recovery rate slightly lower than tiieeo light polymers. This is possibly related te th
436  shape of PS fragments, which enhance the trappisgdiments grains, or to the white color of PS.
437 Indeed, this coloration pose difficulties duringual sorting as filters are white as well. The
438 addition of sucrose to a NaCl saturated solutidizsvad also to partially recover heavier polymers
439  such as PET (mean R.R. 73,3%) and PVC (mean R,B¥®3

440 Considering the results presented here, the addifigsucrose could be a good environmentally
441  friendly strategy to improve NaCl saturated solotidensity, and, thus, to avoid the use of
442  dangerous chemicals. However, although the progisialiminary results, this method needs to be
443  further developed and validated to overcome proadcbstacles related to both MPs sizes and

444  stickiness of solution, that could promote parsckelhesion on vessels surfaces.

445 5.3. QA/QC procedures

35



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

To avoid possible sample contamination and the emuent associated errors in estimating the
efficiency of the method, laboratory tests wereriedrout in quadruplicate and procedural blanks
were used for each separation test. During theragpa process, a glass beaker filled with
NaCl/sucrose solution was kept on the workstatmmevaluate the potential contamination of the
handled sample. Moreover, to avoid contaminatioth vaiir dispersed fibers, cotton laboratory
clothes were used, and work position was kept calamme. Plastic free equipment was used and

was accurately rinsed with distilled water befoaeleuse. When possible, a flow cabine was used.

6. Conclusions

In summary, this review highlights a complete latla harmonized process for the monitoring
of MPs in sediments from the available literatuBy; considering precision, reproducibility,
greenness, and costs of each described methodndke suitable approach appears to be the oil
extraction protocol. Oils are, indeed, quite cd&ative, and the extraction requires a small anioun
of oil to be performed [110,128]. The precisiontlié method depends on the accuracy by which
each step is carried out, and, therefore, coulthtreased by developing a pre-treatment protocol.
In fact, the interference with natural matrix inveonmental samples represents a factor highly
affecting results [110], as showed in spiked sas)pléth a recovery rates > 90% [110,111].

Despite the suitability of OEP, density separatiemains the most applied technique. This
method has the advantage of easiness in experilhrgatitgp as it does not require any specific
instrumentation and lacks complex operations. feuntiore, this method is a non-destructive
technique, which allows to characterize samples abfter the quantification procedure.
Nonetheless, a density separation method whicHtsesafe and, at the same time, efficient is still
not present in literature. Therefore, a procedhet increases density without employing harmful
substances is still needed.

In this context, the use the sucrose density gnadéehnique proposed here might represent an

innovative green solution, that would allow to sep@ heavier polymers, as supported by our
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preliminary findings. Moreover, besides provide G strategy to separate plastic particles in a
safe way, NaCl/sucrose solution is economically petitive. Considering using 1 kg of sucrose
and about 260 g of NaCl in 1 L of deionized wated &0 recycle solution adjusting density after
filtration, investing about 15.00 € is possibleprform separation on about 100 g d.w. sediments.
However, although the reported performances aral goo the 500 um -3 mm size range, the
extraction strategy needs to be investigated wittaler particles, and a method needs to be
complete developed to overcome practical obstagleshg the process (e.g., the collection of
plastic particles in the viscous solution). Despitese general considerations, the aspect related t
the identification techniques need to be furtherettgped. Indeed, apart from the method choice, if
the separated material needs to be filtered, imEortant that filter is not too crowded in order t
perform a successful characterization [91].

After the disentangling of different pros and caisextraction methods to contribute to the
development of a harmonized extraction protocog thture perspectives in MP analysis in
sediments include:

1. the application of green, fast and reliable extoactmethods in real samples and their test

on field scale (e.g. long-time trends or regionahitoring programs);

2. inter-laboratory tests for the creation of harmedistandard protocols [132];

3. nanoplastics extractions from sediments, which &somiore critical aspects for analytical

protocols;

4. a standardized quantification systems (e.g. meammeunits) to better compare studies in

different areas worldwide and better quantify ptagollution.
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