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Abstract

Nanoplastics (NPTs) are defined as colloids thaimated from the unintentional degradation of
plastic debris. To understand the possible risksed by NPTSs, it is crucial to determine how they a
transported and where they may finally accumulat&ortunately, although most sources of plastic
are land-based, risk assessments concerning NPTseirterrestrial environmental system (soils,
aquifers, freshwater sediments, etc.) have beeeliatacking compared to studies concerning NPTs
in the marine system. Furthermore, an importanitdition of environmental fate studies is that the
NPT models used are questionable in terms of #eronmental representativeness. This study
describes the fate of different NPT models in aopermedia under unfavorable (repulsive) conditions,
according to their physical and chemical properegegrage hydrodynamic diameters (200 to 460 nm),
composition (polystyrene with additives or primagolystyrene) and shape (spherical or
polymorphic). NPTs that more closely mimic envir@amtal NPTs present an inhomogeneous shape
(i.e., deviating from a sphere) and are more dépdsn a sand column by an order of magnitude. This
deposition was attributed in part to physical réten as confirmed by the straining that occurred f
the larger size fractions. Additionally, differdderjaguin-Landau-Verwey-Overbeek (DLVO) models
-the extended DLVO (XDLVO) and a DLVO modified byrface element integration (SEI) method-
suggest that the environmentally relevant NPT ndwy alter its orientation to diminish repulsion
from the sand surface and may find enough kinetiergy to deposit in the primary energetic

minimum. These results point to the importancehafosing environmentally relevant NPT models.

Keywords: Nanoplastic; Size; Shape; Transport; Soil; Column
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1. Introduction:

It has been established that every environmentstesy contains plastic debris (Bank and
Hansson, 2019). The marine environment is the 8ysttem in which plastic pollution has been
extensively studied, probably due to the highlyibles accumulation that started in the 1970s
(Carpenter and Smith, 1972; Cozar et al., 2014; €aal., 2010; Schwarz et al., 2019). Since thea, t
extent of this contamination has been more clodescribed. Plastic fragments or additives are found
in remote areas as they can travel long distartasiéson et al., 2017; Peng et al., 2020). Theg hav
reached uninhabited forests after undergoing athergptransport (Allen et al., 2019) and have been
incorporated into Artic sea ice after being tramsgub by oceanic currents (Obbard et al., 2014 It
generally agreed upon that the terrestrial systethd major source of plastic waste (Jambeck gt al.
2015). However, plastics in terrestrial and fredlewaenvironments have received little attention
(Horton et al., 2017; Rillig, 2012; Wagner et &014). Plastic accumulates in the terrestrial syste
due to common sources, such as faulty waste mamagesystems, spreading of sewage sludge, use
of plastic mulches and other plastic products iricatjure, and tire wear particles (Carr et al.10
He et al., 2018; Liu et al., 2019; Scheurer andalig, 2018). This rapidly accumulating plastic in
soils and sediments can be degraded by photo-exdatthermo-oxidation, abrasion and
biodegradation, which causes the inevitable reledsamall plastic particles (Huerta Lwanga et al.,
2017; Ng et al., 2018). In the terrestrial systenil§, aquifers, sediments, etc.), studies havergdiy
focused on microplastics (im to 5 mm) (Dong et al., 2019a, 2019b; He et &1,& Liu et al., 2019;
Tufenkji and Elimelech, 2005), although it is cldghat plastic fragmentation does not stop at the

micrometer size (Gigault et al., 2016; Lambert ¥agner, 2016).

The fragmentation of macro- and microplastics teapdastics (<ium) adds complexity to the
global plastic waste issue. Even if no clear d&éiniof nanoplastics (NPTS) is proposed by policy-
makers, a scientific consensus has been proposeefitte NPTs as colloids that originate from the
unintentional degradation of plastic (Gigault et, &018; Hartmann et al.,, 2019). Compared to
microplastics, NPTs acquire colloidal properties ®@come unaffected by gravity. At this scale, the

fate of NPTs will be controlled by surface propestishape and diffusion rather than by the bulk
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properties (Hiemenz and Rajagopalan, 1997). Thetfet the majority of plastic debris cannot be
located by mass budgets at the ocean surface $sglgaspart of the missing fraction of plastic deb
could be composed of fractions smaller than 300ipmize (Albert A Koelmans et al., 2017; van
Sebille et al., 2015). Since the nanoscale charatts of plastic debris may pose potential riskss
therefore crucial to determine where this plastiginates from and where it accumulates (Galloway,

2015; Albert A. Koelmans et al., 2017; Lehner et2019).

Due to limited data on the occurrence of NPTs,dadle models can aid in determining the
transfer of NPTs from one environmental systemrtotl@er. For the terrestrial system, a saturated
sand column is generally used as a proxy for thdysbf colloid transfer in soils, sediments and
aquifers (Geitner et al., 2017; Lecoanet et alQ420Petosa et al., 2010; Redman et al., 2004;
Syngouna and Chrysikopoulos, 2013; Tufenkji andmBlech, 2004). Quevedo and Tufenkji
compared the transport of spherical and size stdizda polystyrene nanoparticles in quartz sand and
loamy soil in the presence of monovalent or divakaits (Quevedo and Tufenkji, 2012). Recently,
Hu et al. used quartz sand columns to investigadecbtransport of naphthalene with polystyrene
nanoparticles (Hu et al., 2020). Another recentkndmmonstrated the influence of the soil type @n th
same nanoparticles (Wu et al., 2019). While theseksvhighlight the importance and complexity of
the transport mechanisms in soils, they only foduse NPT models that are not representative of the
NPTs found in our environment (Ter Halle et al.12D Indeed, the composition, shape, size, and
surface are known to play key roles in the transpbnanoparticles in the environment (Hotze et al.
2010; Pelley and Tufenkji, 2008; Salerno et al.0&0 Such parameters have only recently been
investigated, with studies concerning UV-aged NRI® et al., 2019) and polystyrene NPTs

containing different surface functionalities (Dogtggal., 2019b).

Before investigating the influence of the soil pedjes, the objective of the present work is to
investigate how the properties of NPTs affect thrinsport or accumulation in soils. Thus, différen
NPT models were used. All models were composealysp/rene, since this is the only commercially
available nanometer-sized plastic particle ava#labDn the one hand, both commercial and

noncommercial polystyrene latex spheres (P#JL COOHand PSL COOH-P respectively, are
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synthesized by a bottom-up process (Pessoni eR@Ll9). This makes them highly spherical and
monodisperse and it allows their surface to be fremtliby the addition of carboxylate functional
groups (COOH), which are common on weathered pagGewert et al., 2015). On the other hand,
NPT-P are synthesized from a top-down method, which esnthe environmental mechanism of
abrasion (Hadri et al., 2020). They have polymarpl@symmetrical & irregular) shapes, a
polydisperse size distribution, and they may consaime oxidized functional groups. The transport of
NPT-P models through a sand column shows that theigutee shape will increase their probability
of accumulating in porous media. These resultssttee importance of choosing NPT models that

have environmentally relevant physicochemical prige

2. Methods

2.1 Dispersions of nanoplastic models

Table 1 presents the different NPT models usetiénstudy. Carboxylated polystyrene latex
spheres of 200 nnPGL COOH 20Dpwere Polybead® Carboxylate Orange Dyed Microsgphéx.20
um purchased from (Polysciences© Warrington USAgsEhparticles contain additives for stabilizing
purposes, whose composition and concentration ateown. To study the effect of particle
composition, additive-free particles composed afpry (-P) polystyrene were also used. Soap and
metal-free carboxylated polystyrene spheres of AB0 PSL COOH 430-P were produced by
emulsion polymerization according to the methodcdbed by Pessoni et al.(2019). Finally, NPT
models with polymorphic (asymmetrical and irregulashapes and with an average hydrodynamic
diameter of 350 nm or 460 nnNPT 350-Pand NPT 460-R respectively) were formulated from
mechanically crushed PS pellets, according to ththad previously described (Hadri et al., 2020).

All suspensions were composed of NaCl at a conagéoitrof 5.0 1d M with pH fixed at 6.5.
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Table 1: Summary of the physicochemical properfebhe nanoplastic models studied

Asperity
Area Particle
z-average | Polydispersity Frequency Zeta
Equivalent Aspect Concentra-
Model name diameter Index (nm™Y) and potential
Diameter Ratio tion
d 4 (nm) (PDI) Amplitude (mV)
(nm) #Lh
(nm)
PSL COOH 200 200 +13 0.04 +0.03 193+3 1.01+£0.01 0 -38.65 £ 2.23 114 132
0
PSL COOH 430-F 43028 0.07 £0.01 430+ 19 1.01+0.01 0.013 -29.07 £1.81 1.14 b
12+2
NPT 350-P 350 £ 10 0.11 244 +133| 1.67 +0.56 2.12 16*
0.013 -33.54£2.72
NPT 460-P 460 + 25 0.19 329223 1.68+058 11%6 9.34%10
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2.2 Charge characterization

The zeta potential of the particles was assessedy ws Wallis zetameter by Cordouan
Technologies (Pessac, France). The particles wspesaded in the same mobile phase as that used for
the experimental conditions: NaCl at 5.0°181 and pH 6.5. The electrophoretic mobility of the
colloidal particles was converted into a zeta pidérby using Smoluchowski’'s formula. A zeta

potential for sand of -50 mV was chosen accordingihogradov et al. (2010).
2.3 Size characterization

Hydrodynamic diameters (3l were determined by dynamic light scattering (DLLS)ng a
Vasco-Flex particle size analyzer (Cordouan Teabgiek). The d of the injected NPT models and
the initial sand column signal, as well as 8 migadits of the eluate, were characterized by DLShEac
DLS measurement corresponds to an average of sasunements of 60 secords—each. Each sample
was assigned a z-average hydrodynamic diameigr ding the cumulant algorithm. Additionally,

the Sparse Bayesian learning (SBL) algorithm presié multimodal analysis to determine the

5
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presence of several;dsee supplemental information, Figure S1). TEM iesagvere obtained by a
Jeol 2100 High Resolution Microscope (Figure SQtaDwvas analyzed with ImageJ software and the
NanoDefine plugin to obtain the area equivalemtrditers and the aspect ratios (length of major

axis/length of minor axis), presented in Table &r{gysen et al., 2019).

2.4 Transport in porous media

Transport and deposition were studied in a labessaind-packed column using a liquid
chromatography system (Akta™ Pure by General Hted#iealthcare). This porous media was
composed of Fontainebleau sand (type NE34) with egliam diameter ¢) of 210 um and a
uniformity index d¢dip of 1.4. The sand was dry-packed into a boros#dicalumn (XK 26, GE
Healthcare, i.d. = 2.6 cm). The packed bed heightd from 11.2 to 12.7 cm. The porosity was 0.40
+ 0.01 on average. The eluent (mobile phase) wagposed of NaCl at 5.0 £aM. The pH value was
fixed at 6.5 using NaOH and HCI. The sand was washigh at least 14 pore volumes (PVs) of
deionized water and 22 PVs of the eluent. The poleme was determined by an injection of NaCl at
5.0 10° M. Complete tracer tests were performed with KBIt.rAactants were analytical grade. The
particles and tracers were injected during 6 PV fated rate of 1.57 10m.s", followed by at least

six pore volumes of the plastic-free suspensidheasame ionic strength and pH value.

At the outlet, the concentration of the NPT modelsted from the porous media was
continuously measured by the UV-Vis spectrophotemptired to the chromatography system at a
wavelengthih = 226 nm, where polystyrene absorption is maxiBatakthrough curves (BTC) were
obtained by plotting the outflowing concentratioh the NPT models normalized by the initial
concentration as a function of pore volumes eluBuplicate experiments were performed RBL
COOH 200and PSL COOH 430-PDue to the limited yield oNPT-P dispersions and to the

variability in size distributions of differeNPT-Pbatches, duplicates were not performed.
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2.5 Theory

2.5.1 Colloid Filtration Theory (CFT)

Colloid filtration theory (CFT) is used to separdtgdrodynamic processes from surface
interactions that are occurring in the sand colulnis. summarized by equation (1), which expresses
the porous media’s capacity to trap colloids. Tingle-collector removal efficiency] is the product
of the single-collector contact efficiencyo( and the attachment efficiency of the particles(Petosa

et al., 2010).

n=1nya 1)

The single-collector contact efficiencyy) is the capacity of colloids to be trapped by peronedia
due only to hydrodynamic mechanisms, without ampffable physicochemical conditions. It depends
upon a number of factors, including the diametahefcolloids, the diameter of the sand graindién t
porous media, the porosity of the sand column, taedflow rate. It was calculated according to the
equation developed by Tufenkji and Elimelech (2004je attachment efficiency) is a function of

the physicochemical properties of the colloid disfmn and of the sand grain surfaces, such as ionic
strength, surface charge and the Hamaker constatiecsystem. The attachment efficienay (s

obtained according to equation (2):

_ 2d50
=~ T oml In(C/Cy) (2)

where dp is the median diameter of the sand grai¢rand L are the sand column porosity and length,

respectively, and (C/Lis the height of the breakthrough curve.

2.5.1 DLVO theory of colloidal stability

Surface energetics between particles and an iefiifdt plane were modeled by the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory, such as thtaltenergy of interaction ‘% as the sum of
the Lifshitz-van der Waals '& attraction and the repulsion due to the electratuiable layer &.
DLVO theory can be expanded upon and modified lte iato account the effect of hydrophobicity,

roughness and particle shape, separately. Firgixtended version of the DLVO theory (XDLVO)
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was also modeled by adding the Lewis acid-baser¢immpic) component 18 to the total energy of
interaction. Secondly, the effect of particle shape orientation was studied thanks to the surface
element integration (SEI) method, since is whas sgtartPSL COOH 430-Pand bothNPT-P
particles.

The Lifshitz—van der Waals componert"Gof the free energy of interaction between a cdlmid a

surface is given by:

w_ _H 2dp(h+dp)_ h+2dy,
G = 6[h(h+2dp) In—=-1 (3)

where H is the Hamaker constant for the polysty®iea-water system, h is the separation distance
between the colloid and the sand, apisdhe radius of the colloid. A Hamaker constant .45 10°°
was calculated from Israelachvili (Israelachvilj1®) for the interaction between quartz, water and

polystyrene.

The electronic double layer componeriti€ given by:

el _ 2 2y124n s 1+exp(—kh)
G® =med,({§ + (S)[ifﬁff .Ln I exp ()

+ Ln{l — exp(—2kh)} (4)

where{y and(s are the surface charges of the plastic colloid$ @frthe sand surface, respectively.
The zeta potential was used instead of the sugatential.x is the double layer thickness, which is

determined by the following equation:

2
k = [ Bizm]? (5)
where e is the charge of the electreiis the permittivity of the medium, which is equal6.95 10°
C2.Jt.m?, kg the Boltzmann constant, T the temperaturéhez valency of the ions i, angdthe number

of ions i per unit volume.

The Lewis acid-base energy of interactioif @f our system is:

GAB = m‘dpAAGABe[(hO_h)M] (6)
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where/ is the correlation length, chosen as 1.65 nm, rdotg to Valsesia et al. (2018), anglit the
minimum distance of separation between the partio the surface, taken as 0.158 nm. The acid-

base potentiahG"® is expressed as:

AGAE = —2 (\/y,éB - \/y#)(\/yg‘“‘? - \/Vv‘&B)

with /y4Breferring to the polar component of the surface faergy for W = water, S = sand surface

and N = NPT model./wa}B is 51.00 mJ.M and /ys“‘B is 15.00 mJ.Maccording to Barhoumi et al.

(Barhoumi et al., 2010).. The polar component efftiee energy was measured according the method

of Valsesia et al. (2018) for each of the threeesypf NPT models.‘,/y,\,w values of 33.91, 37.47 and
31.82 mJ.n were obtained foPSL COOH 200PSL COOH 430-RndNPT-P respectively.

The DLVO theory was modified by the SEI method diéscl by Wu et al. ( 2013) to understand
the effect oNPT-Ps nonspherical shape and their different orieatesj described by the anglehat
is formed between the major axis of the particle toe collector surface (Bhattacharjee et al., 2000
The interaction energy between a plane surfacdeftol) and a curved object (particle) were
calculated by integrating this energy over the esadace geometry of the object. Our particlesewer
considered to be rod-like. The semi-major axisgihyl semi-minor axis (a) were determined according

to the aspect ratio and thg,gresented in Table 1.
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3. Results & Discussion

””” KBr Tracer

—— PSL COOH 20

—— PSL COOH 430-P
NPT 350-P

—— NPT 460-P

CIC,

-0.1 T

Pore Volume

Figure 1: Breakthrough curves of KCl tracer and nalagic models injected continuously for 6 pore wods at an initial

concentration (g of 5.0 16 g.L' in 5.0 10° M NaCl and pH 6.5 (error bars = standard deviationz 2).

Figure 1 illustrates the breakthrough curves (Bdfxhe different NPT models after transport
through a sand column at a constant flow rate. &temible results are obtained with this
experimental setup, as shown by the error barhertplicate experiments 8L COOH 20Gnd
PSL COOH 430-PA KBr salt tracer shows only the effect of trangpby advection and dispersion
due to the absence of deposition (€6C unity). PSL COOH 20(resents a BTC similar in shape to
KBr with 92+5% recovered in column effluent. Thesult indicates transport through the column with
negligible deposition onto the sand. However, 67xif% SL COOH 430-Rare recovered in column
effluent, which indicates some deposition occurfgdally, both polymorphic PS modelSRT-P are
the most deposited, with only 28% NPT 350-R and 10% of NPT 460-Pthat are recovered in
column effluent. These results indicate that ameiase in particle size causes an increase in the
deposition rate. Indeed, when comparing NPT modélsimilar shape, larger particles are less
recovered in column effluenBSL COOH 430-R/s PSL COOH 20GandNPT 460-Pvs NPT 350-P

The higher transport rate 8SL COOH 20GCompared td®SL COOH 430-Rnay also be due to the

10
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presence of surfactants used for commer&®&L COOH-200 Such molecules can enhance
nanoparticle transport by decreasing adsorptiomhé secondary energetic minimum (see DLVO
section below) (Tufenkji and Elimelech, 2005). Hiynahe absence of a tailing at the end of the BTC

shows that deposited particles did not detach ftwrporous media (Bradford et al., 2002).

Based on the BTCs, it appears that the particlpesk&rongly increases the deposition rate in
the porous media under dynamic conditions. Surgigj NPT 350-Pis significantly more deposited
in porous media thaRSL COOH 430-Palthough they have a smaller initial hydrodynandti@meter
and area equivalent diameter (Table 1). This cor#fithat the asymmetrical and irregular shape of the
NPT model NPT-P significantly increases deposition in the poroosdia. It should be noted that
these experiments were performed at equivalent massentrations instead of equivalent particle
concentrations. This method was chosen to obtaguaity DLS signal at the outlet of the sand
column since light scattering is proportional te tharticle diameter. However, it creates a bias tha
favors elution of the smaller, more numerous pidiqTable 1) (Bradford and Bettahar, 2006).
Despite this,NPT 350-R which has a higher particle concentratisras more deposited thdPSL
COOH 430-P This highlights the fact that an irregular asyrtnoeal shape has a greater impact on the

deposition rate than that of size and particle eatration.

To investigate the retention mechanisms of thes& MBdels, both colloidal filtration theory
(CFT) and various Derjaguin-Landau-Verwey-Overb@ekVO) theories were studied. According to
the CFT, the single-collector contact efficienoy)(increases as sub-micrometric particle sizes
decrease (Tufenkji and Elimelech, 2004). Hence,llemparticles should be more easily retained,
which is not the case in the present study. Thggests that nanoplastic models used here have
considerable differences in attachment efficienay &nd non-classical mechanisms of particle
collision are operating. The attachment efficiegy obtained by CFT, can be used to compare the
affinity of particles with sand across differentpexmental conditions. Caution must be taken in
interpretinga since the CFT is meant to study monodisperse phdrgal particles and collectors.
Since the sand grains are not monodisperggd{glof 1.4) and nanoplastic models have different

degrees of polydispersity (see Table 1), an avetagage, namedy, and a range af were presented

11



263 in Table 2 with the corresponding heat-maps preseint supplementary information (Figure S3).
264  An a of 0.0034 + 0.0005 was obtained f88L COOH 200whereasPSL COOH 430-fhad ana =
265 0.012 = 0.0008 (Table 2). These results are inesgedt with other studies, such as Bradford et al.
266  (2002), who found that the 450 nm carboxylated B&achment efficiency in 10M KCI at pH 6.8
267  varied froma = 0.0037 toa = 0.014 according to the polydispersity and averggin size of the
268  quartz sand (Bradford et al., 2002). Tufenkji atichElech (2005) found: values of 0.0058 and 0.014
269  for 320 nm PSL COOH in 20 oM KCI at pH 8. For the polymorphic NPT models, tneerage
270  attachment efficiency is one order of magnitudeatgethan that for the spherical models, witk
271  0.069 forNPT 350-Pand 0.14 foNPT 460-P This large increase in attachment efficiency mren
272 likely to represent different hydrodynamic flow pesses than a change in surface affinity. Indéwed, t
273  CFT theory is unsuitable to study the flow of ndmsjical particles and largely overestimate@nd
274  underestimateg,) when the particle shape deviates from thatsgleere (Salerno et al., 2006).

275 Table 2: Summary of the percent in column efflaewit attachment efficiencies)(for the different nanoplastic models. The

276 attachment efficiencies are based on average parti@meter (g) and collector diameters dand a range of dp and dc

277 equal to the standard deviatioa)(of the size distributions. (Error bars = standaddviation of the duplicate experiments).

Nanoplastic Percent in Column Attachment Efficiency ()
0
Model Efluent (%) dp-canddc-c Average dp and dc dp o and dc +¢
PSL COOH 200 92+5 2.016+0.4 10° 3.410°+0.5 10° 5410°+1.110°
PSL COOH 430-P 671 6.916+0.8 10° 1.210°+£0.1 10 1.910°+0.2 1
NPT 350-P 28 4010 6.9 107 1.2 10"
NPT 460-P 10 7.9 10 1.4 10" 2510
278
279 Since the attachment efficienciaeg pbtained by the CFT theory should only refleatfate
280  energetic interactions, they can be compared \kghprofiles of the interaction energy between the
281  particles and the sand. Total surface energetarantions (&) are modeled according to DLVO
282  theory by taking the sum of the Lifshitz-van der aMaattraction (8") and the repulsion due to the
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electronic double layer @. An extended version, the XDLVO theory, includee Lewis acid-base
(hydrophobic) interaction energy {8. This component has been carefully quantifiechgisihe
method described by Valsesia et al. (2018). It khdne noted, however, that since DLVO and
XDLVO theories assume that the particles are spakrithey cannot correctly determine the
interaction energy of the asymmetrical and irredulahapedNPT-Ps (Hotze et al., 2010). To
overcome this limitation, a SEI-modified DLVO calates G and G' between an elongated particle
and the sand surface. This modified DLVO does tmmwever, incorporate the hydrophobic
component of the interaction energy. It is impatrteon note that in these experimental conditions,
advection prevails over diffusion, with a Peclemtoer varying from 112 to 240 f&tSL COOH 200
andNPT 460-R respectively. In these conditions, particle déjms can occur if the adhesive forces
are stronger than the hydrodynamic forces. Thesefbie objective is only to investigate whether the
physical and chemical properties of the particlesdaeted by the different DLVO theories, are
correlated to the attachment efficiencies in thedseolumn and hence a good predictor of adhesive
forces. Surface energetic interactions should eotdnsidered an absolute prediction of deposition
behavior. If the energy of interaction predictsitte in transport, the most transported particlesiish
have the highest energetic barrier to depositin®'%,.) and lowest secondary energetic minimum

(AG*in2), Where reversible deposition can occur.
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Table 3: Summary of primary maximut@{®,,.,) and secondary energetic minimun&®,,)) of interaction energies

according to DLVO, SEI -modified DLVO and XDLVCQdties, for the different nanoplastic models.

SEI-modified DLVO Theory

DLVO Theory XDLVO Theory
¢ = 0 radians o =n/3 radians

NanOpIaStiC AGmtmax AC':‘tmminz AG‘lmmax AGtOtmin2 AGmtmax AGtOtmin2 AG‘lmmax AGtOtmin2

Model (kgT) (kgT) (kgT) (kgT) (kgT) (kgT) (kgT) (kgT)
PSL COOH 200 175 -0.7 - - - - 51 -0.7
PSL COOH 430-R 235 -2.2 - - - - 74 -2.0
NPT 350-P 244 -1.6 4518 -0.4 45 -1.5 64 -1.6
NPT 460-P 321 -2.3 5918 -0.4 52 -1.8 83 -2.3

According to DLVO theory, all particles undergo rsficant repulsion from the sand grains,
with AG*®..x equal to 175 KT for PSL COOH 200235 kT for PSL COOH 430-P244 kT for NPT
350-P,and 321 KT for NPT 460-P(Table 3 and full lines in Figure 2a). Based om ¢imergy profiles,
no colloid can overcome the energy barri®& (., and irreversibly deposit in the primary minimum
(AG*iny). The secondary energetic minimun@®',.,) occurs between 20 and 60 nm from the sand
surface. It varies from as low as -2 gl'kor NPT 460-P-2.2 T for PSL COOH 430-P-1.6 kT for
NPT 460-Pto -0.7 kT for PSL COOH 20(Table 3 and full lines in Figure 2c). For the thtarger
particles, reversible retention in the secondamrgetic minimum can occur since the depth is larger

313  than 1.5 KT, which is the thermal energy of diffusion (Istaahvili, 2015).
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Figure 2: Interaction energy, scaled tglk between the nanoplastic models and the sand gddiector as a function of
distance according to a) DLVO theory (full lines)daSEI -modified DLVO theory (dashed lines) anXB).VO theory. The

identical data is replotted in c) and d) to highiighe secondary energetic minimum of panels a)@ndspectively.

By accounting for the polar component of the inteam energy, the XDLVO theory predicts
similar global trends but indicates a much lowegpuision of all particles from the sand surface
(Figures 2b and 2d). The maximum heighta&°'.., for spherical particleBSL COOH 20GndPSL
COOH 430-Pare equal to 518 and 74 kT, respectively. For the asymmetrical and irredular
shaped particlesAG*® . is comparable: 64 & and 83 kT for NPT 350-Pand NPT 460-P

respectively (Table 3 and Figure 2b). Based onhtbight of the energy barriers, still no colloid

15



350 deposition should occur in the primary minima. Tdepth of the secondary energetic minimum

351  (AG“.n) is unchanged compared to that determined by thétheory (Table 3 and Figure 2d).

352 The dashed lines in Figures 2a and 2c show thenmalrinteraction energy between the sand
353  surface and th&lPT-P models, according to the SEI-modified DLVO thedFhis occurs when they
354  form an angled) of n/3 with the collector surface (Gomez-Flores et2019).AG ., is reduced to
355 45 kT and 52 KT for NPT 350-PandNPT 460-R respectively (Table 3). The interaction energy is
356 maximal atp = 0 (Table 3 and Figure S4). This is mostly duth#fact the particle surface is closer to
357 the collector (Gomez-Flores et al., 20185 .. is only slightly less deep than predicted by DLVO

358 and XDLVO theories (Table 3 and Figure 2c).

359 The high retention rate of tféPT-P particles can be in part attributed to the faei tihey

360 may find orientations where there is no energyibato irreversible depositiomAG™

miny) (Gomez-

361  Flores et al., 2019). This can be expected to oatwn both particle orientation and hydrophobicity
362 are accounted for simultaneously. Furthermore, niagnitude of the total energies of interaction
363 (AG") of PSL COOH 430-P, NPT 350#hdNPT 460-R and the sand surfaces may be overestimated
364 by the all DLVO models due to their surface rougtsn€lrable 1 and Figure S2) (Bhattacharjee et al.,
365 1998; Hoek and Agarwal, 2006)PT-P particles are characterized by a large range iehtation-

366  dependent interaction energies (Table 3 and S5¢hwill give them considerable torque. This added

367 torque can provide the particles sufficient kinaiergy to overcome an energy barrieG (., that

368 s significantly reduced at some orientations Fégea (Seymour et al., 2013).

369 However, the DLVO and XDLVO theories are inadequateredict the deposition of plastic
370 nanoparticles in porous media. On the one hand, DBh&¥O and XDLVO theories globally
371 underestimate the amount of deposition that pegicindergo. This is a well-known effect when
372  studying the transport of particles in unfavorafidepulsive) conditions (Elimelech and O’Melia,
373 1990). On the other hand, the height of the enbegyier is not proportional to the level of repalsi
374  nor is the depth of the secondary energetic mininmroportional to the level of deposition. For
375 example,PSL COOH 200s the most transported particle, although it theslowest energy barrier

376  (AG..»). This occurs because all interaction energieke dcgarly with particle size (Elimelech and
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O’Melia, 1990). In other words, larger particlesosld undergo more repulsion and be more
transported, especially since all particles presembhparable polar components of the surface free
energy {*®) and zeta potentialgy). However, contrary to these DLVO and XDLVO préitins,
NPT 460-Pwhich has a higher energy barries,more deposited thadPT 350-P Although a high
energy barrier is present, particles may be rethinel) attachment onto chemical heterogeneities on
the colloid and collector surfaces that act as fabie sites (Seymour et al.,, 2013; Tufenkji and
Elimelech, 2005) 2) reversible attachment in theosdary energetic minimum (Tufenkji and
Elimelech, 2005) and 3) straining (trapping of et in pore throats that are too small to allbw t
passage of particles) (Bradford et al., 2002; McBiBoyer et al., 1986). Furthermore, pore
geometry creates a variety of speed profiles, shiahparticles may also be retained in zones with a
lower flow velocity where the hydrodynamic forcee dowered (Elimelech and O’Melia, 1990).
Indeed, pore geometry plays a dominant role iro@bHetention under conditions where a high energy

barrier exists (Tong and Johnson, 2006).

To determine the extent to which deposition caattréuted to chemical heterogeneity, batch
adsorption experiments were conducted. The requiésented in S5, show that none of our plastic
nanoparticles are significantly adsorbed onto theds While results from batch and column
experiments can be difficult to compare when theyreot normalized by =1, our batch experiments
do show that chemical heterogeneity is far fronmidicative (Geitner et al., 2017; Treumann et al.,

2014). This points to the importance of straining adsorption in the secondary energetic minimum.
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397 Figure 3: z-average hydrodynamic diameterg)af the plastic nanoparticles before and aftenfilog through the sand
398 column (n=6, error bars= standard deviation).
399 The evolution of the hydrodynamic diameters of pagticles injected in and eluted from

400 through the porous media can also indicate whatgases occur in the column (Figure 3). The
401 average size and polydispersity of eluted partiodese constant during elution. The average
402  hydrodynamic diameters £¢ of the smaller sphereBSL COOH 200do not change significantly
403  (+4%). The larger spherical particlé3SL COOH 430-Pundergo a more pronounced decrease;in d
404  after flowing through the sand column (-11%). Begherical particles’ polydispersities do not vary
405  significantly. For the asymmetrical NPT models, texrease ing after elution is globally greater
406 and even more pronounced for the larger particiés% for NPT 460-B compared to that of the
407  smaller particles
408  (-20% forNPT 350-B. The smaller size fraction of irregularly shaediticles, approximately 200 nm
409 in diameter, is most mobile in the sand column.ti@mmore, the polydispersity of the samples
410 containing asymmetrical and irregular particlesreases. These changes in size point to a mechanism
411  of physical retention of spherical particles larggan 380 nm and irregularly shaped particles farge
412  than approximately 200 nm. This confirms that lapgeticles are deposited by physical straining in

413  the pores of the sand column, which is unaccoufatedy the DLVO theories and underestimated by
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CFT (Bradford et al., 2002). In similar experimdranditions, Weiss et al. (Weiss et al., 1995)edot
a similar effect concerning the transport of 14aént bacterial strains. The bacterial cells reced

in the eluent were not only smaller but also rourtdan the cells injected.

The deposition rate increases as the particleisizeases and as its shape deviates from that
of a sphere. In other words, smaller and smoothetigies are more easily transported. This can be
partially attributed to straining. Straining is egbed to start having an effect when the ratiohef t
particle radius to the median collector radiugdg) exceeds 0.0017 (Bradford et al., 2002). This is
satisfied in the case fSL COOH 430-Rd,/dso = 0.002). Concerninfl\PT-Ps since most particles
larger than approximately 200 nm are retained,rstrgq occurs at a lower  filso ratio (Figure 3).
Straining of these patrticles is enhanced becauwsédytrodynamics of nonspherical particle flow in
porous media are more complex than those of sgieparticles. In highly repulsive conditions
(thousands of k'), elongated particles and are not more depoditan spherical particles since they
can orient their major axis parallel to the flowu(>ét al., 2008). However, in our conditions, where
there is less repulsion (10s gfTR nonspherical particles are increasingly depdsitédis is attributed
to larger collision frequencies with the porous rm€®&alerno et al., 2006). The CFT underestimates
the single-collector contact efficiency) for spheroidal particles (Salerno et al., 20@8hally, the
NPT-Pdispersions are highly polydisperse and as sulitcarntain a higher fraction of large particles

that are likely to be retained.

As mentioned above, reversible deposition in tle®sdary energetic minimum is possible for
PSL COOH 430-Pand both polymorphic particlddPT 350-Pand NPT 460-P The asymmetrical
BTC shape of th®SL COOH 430-Rs typical of either particle release from the@wtary energetic
minimum or blocking of the flowing particles by preusly deposited particles (Bradford et al., 2002;
Bradford and Bettahar, 2006; Redman et al., 20Q#erikji and Elimelech, 2005). This was not
observed foNPT 350-PandNPT 460-R whose BTCs instead reach a plateau. It indicaiteer that
the asymmetrical models are not detached and uoidgrge-entrainment from the sand or that
deposited particles do not block the incoming phasi. Colloidal detachment and re-entrainment from

the secondary energetic minimum mostly occur byingyl which is easiest for spherical particles.
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Despite the fact that nonspherical particles havgelr hydrodynamic torques than spherical particles
as particles deviate from an ideal spherical shtym, present a higher moment arm requiring more
energy to induce rolling (Bergendahl and Grass602@eymour et al., 2013) The flat BTC may also
indicate that deposited particles create more &hlersites for deposition by increasing the physica
roughness of the porous media (Seymour et al., )2 iBally, the shape of thBlPT-Ps BTCs

suggest that reversible deposition not be as darhmanechanism as straining and deposition in the

primary energetic minimum.
4. Conclusion

This study showed that the physicochemical progeiif the NPT models significantly affect
their propensity to be transported. The asymmétacal irregular shape of the environmentally
relevant NPT model has a strikingly positive impact the deposition rate in the sand column
compared to that impact of particle size, compositr concentration. The deposition of these models
in the porous media may be attributed partiallphgsical retention, as witnessed by the strainiing o
the larger size fractions. Their deposition is atgtibuted to an orientation-dependent level of
repulsion AG® .0 which allows the particles to take on the mosrtiodynamically preferable
orientation, and possibly to overcome the energyidrato irreversible depositiomMG ), given
sufficient hydodynamic torque. These results ptinthe importance of choosing environmentally
relevant NPT models. Their asymmetrical and irraguthape, which is characteristic of the
mechanical abrasion of plastic debris, increaseis tieposition rate in a sand column by an order of
magnitude. It is clear that the relevance of emnmental fate studies depends upon the qualityef th
proxies used (Koelmans, 2019). More particulathg, impact of the NPT composition (polymer type,
additives and sorbed contaminants), average siksiae distribution as well as NPT shape are cfucia

parameters to study (Wagner and Reemtsma, 2019).

The importance of the physical and chemical progerbf the NPT models has been
demonstrated here. Further studies are neededeownrth hand, to define single-collector contact
efficiency (o) for nonspherical particles and to quantify theoant of deposition that can be

attributed to straining, irreversible attachmentAG*,»1) and reversible attachment (G ;.,). On
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the other hand, more research is needed to implethese results by taking into account the
environmental conditions of the porous media (istiength, natural organic matter, pH value, and
soil composition). Such a complete approach is eged fully assess the fate of NPTs in freshwater

and terrestrial environments.
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environmentally relevant physicochemical propentiesst be used.
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be trapped in porous media, than spherical models.

» Shape has a greater impact on the depositionhratepgarticle size or particle concentration.
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