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Abstract

Cigarette butts (CGB) are equivalent to plastitefliin terms of number of pieces released
directly into the environment. Due to their smalesand social use, CGB are commonly
found in natural systems, and several questions haen raised concerning the contaminants
that are released with CGB, including metals, oigapecies, and nanopatrticles. The aim of
the present study is to investigate the releaseaobscale particles from CGB by leaching
with rainwater. After seven days of passive stgrof both smoked and unsmoked CGB in
synthetic rainwater, the solutions were treated andlyzed by specific nano-analytical
methods. Our results demonstrate the release 28@.24% (w/CGB) organic carbon in the
range of 10 nm up to 400 nm and with a z-averagenéier of 202:474.1 nm. The fractal
dimension () of the nanoscale particles ranges from 1.14 &2 Jand suggests a soot
(carbon)-based composition. The analysis of somilhwespecies (As, Pb, Cd, Cu, Ni, Cr,

Co, Al, Mn, Zn, and Fe) shows that these specieseasentially attached to the nanoscale
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particles per gram of carbon released. By considethe diffusion of the nanomaterials into
different environmental compartments, our resultggest a new emerging and global
contamination of the environment by cigarette huttsmparable to plastic litter, which

urgently needs to be considered.

Keywords. Environment, Nanopatrticles, Cigarette butts, Charaation, Metals



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

1. Introduction
The principle litter associated with the consumptif cigarettes are smoke and cigarette
butts (CGB), i.e., filter compounds and cigaretteoke (Healton et al.,, 2011; Marah and
Novotny, 2011; Novotny et al., 2009). While the £@ntribution of cigarette smoke can be
considered negligible compared to that emitted tinerohuman activities, CGB, like plastic
waste, raise many environmental issues. CGB arenttet# common form of waste found in
nature, and over 5.6 trillion cigarette butts canftund in nature each year (Healton et al.,
2011). Moreover, CGB found in the environment &ely to release their components to the
environment and pollute soils, water and all otkarironmental compartments. Several
studies have shown that several hazardous poltutamt released and leached from CGB,
which can have dramatic effects on the environmemma public health (Novotny et al.,
2009). Moerman and Potts highlighted the releassewéral metals from CGB (Cd, As, Ni,
Cu, Pb and Zn) with quantities ranging from fewy g' up to several hundredg g*
(Moerman and Potts, 2011), which has also beenirooed elsewhere (Dobaradaran et al.,
2017; Pelit et al., 2013} owever, to the best of our knowledge, no data ameently
available concerning both their release and tramgpechanisms. Recently, a new class of
nanoscale contaminants have been considered w®dssi§ accidental nanoparticles from
anthropogenic source such as nanoplastics (Koelretas, 2015; Ter Halle et al., 2017).
Due to the recent and emerging risk of nanopasgti(Baalousha et al., 2016; Bystrzejewska-
Piotrowska et al., 2009), questions have beendabeut these new nanoscale contaminants
and their possible release from CGB. Recently,@sthave measured the air transfer of soot
nanoparticles with sizes under 50 nm from the gbethmbustion of cigarettes into the human
pulmonary system (van Dijk et al., 2011). Basedtlaa preliminary study, it is possible to
imagine the presence of nanoscale particles coratedtin CGB that could potentially leach

into the environment. According to the number ofEC@leased into the environment, there is
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a considerable lack of available data on the naestisk associated with CGB. The main
guestions, therefore, are which nanoparticles (s@mposition) are concentrated in CGB and
whether these nanoparticles are released into tiviroement. Due to their intrinsic
properties, such as size and surface area, naegsadicles are known to transport a large
guantity of adsorbed species, such as metals agdnior contaminants, along different
environmental compartments and in living organigveslzeboer et al., 2014; Wang et al.,
2013). The main concern with nanoscale particlésas ability to penetrate different natural
barriers to deliver the species adsorbed to thefase.

The aim of this paper is to demonstrate the releés@anoscale particles (NP) from cigarette
butts by leaching with rainwater, followed by thelemical and physical characterization.
Different high-resolution analytical techniquescisias in situ dynamic light scattering (I1S-
DLS) and asymmetrical flow field-flow fractionatiocoupled to light scattering detection
(A4F-UV-SLS), were optimized for nanoscale partidbaracterization to measure key
parameters such as size distribution, aggregatidormation, fractal dimension, and
elemental composition. Our results demonstrate gh&rge distribution of NP sizes and
structures are released. The metal distributioncested with the NP fraction raised several
environmental concerns that urgently need to besidered. We hope that our results will
help tobacco control agencies to consider this bffEnvironmental and health exposure from

cigarette litter.

2. Materialsand methods

2.1.Sample preparation
A fresh synthetic rainwater (FSRW) sample was megppaccording to Davies et al. (Davies
et al., 2004). Briefly, the rainwater has an iosttength of 0.3x1® mol L*, and the

following components comprise 1 liter, which waertidiluted by a factor of 1,000: NaNO
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4.07 g; NaCl, 3.24 g; KCI, 0.35 g; Ca&ldH,0, 1.65 g; MgS® 7H,0, 2.98 g; and
(NH4)2SQOy, 3.41 g. The resulting solution had a pH of 5.2oréthan 12 kilograms of
cigarette butts (CGB) were collected over one ydtar immediate consumption from three
different places in Rennes (Brittany, France). Of&Be collected directly after consumption
and placed directly in a plastic container undesuuan into a fridge (4°C). No CGB were
collected on the ground to avoid bias measurenretite leaching experiment. For a single
experiment, four CGB were randomly chosen, cleariedd tobacco and placed into a 15 mL
conical vial (previously rinsed by HNQLO% (w/v) and DI water to remove any trace of
HNOg3). Then, 10 mL of FSRW was added into the conical VMhen, the vials were placed
on a rotator stirring at 30 rpm under classicahtligonditions for 7 full days. Then, the
leached solutions were filtered at 0.4 and stored in the fridge. A small fraction of the
solutions was kept for total metal and organic oaranalysis. The remaining volumes were
concentrated and size-fractionated by an ultrafittn cell (Amicon®©, Millipore, France)
with a 10,000 Dalton (10 kDa) molecular weight offt-(MWCQO) membrane made of
polyethersulfone (Nadir, Alting, Metz, France). Tietentates were concentrated three times
and rinsed by three equivalent volumes of FSRW. S&mme procedure was followed for
unsmoked CGB (un-CGB). The CGB leaching experimesti® repeated more than 5 times,
and the final volume was concentrated more thatin28s and rinsed 3-4 times by FSRW. All
experiments were repeated identically 6 times é&mhecondition in order to obtain convenient

statistical results.

2.2.Reagent
The employed reagents were of analytical grade. iHagents to prepare the synthetic

rainwater and the HNQused for the digestion procedure were of ultraetrpare quality

(Labbox, Rungis, France). All plastic and glasswaege cleaned by soaking in a 10% (w/v)
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HNO; solution and then rinsed with DI water before uSk solutions were prepared using

ultrapure water (MilliQ, 18.2 @ cm).

2.3.Elemental analysis

Total organic carbon analysis was performed usifi@& analyzer from Shimadzu (Paris,
France). The metal concentrations were determingd I®P-MS using an Agilent
Technologies 7700x instrument. The samples weredigested with HN@ to avoid any
interference from organic carbon during the analy&iflux of He was injected in a collision
cell to remove interferences. Quantitative analysese performed using a conventional
external calibration procedure (seven externaldsteth multi-element solutions, Inorganic
Venture, USA). Rhodium-rhenium was added on-line as internal standard at a
concentration of 300 ppb to correct for instrumerddft and possible matrix effects.
Calibration curves were calculated from the intgngatios of the internal standard and the
analyzed elements. The international geostandaRISSA. was used to control the accuracy
and reproducibility of the measurement procedutee ihstrumental error of metal analysis
was below 3%. The metal concentrations in the ldam&re lower than the detection limits,

and thus, no correction was needed.

2.4.Nanoscale particle characterization
In the present case, IS-DLS was used to detecptbsence of nanoscale particles in the
agueous systenin DLS, due to the Brownian motion of nanoscaleipkas, time-dependent
fluctuations of the scattered light intensity areeasured. These fluctuations allow the
determination of the dynamics of the scatteringtiglas (Burchard, 1983). The time-
dependent fluctuations are transformed into th@-aatrelation function (ACF), which for

nanoscale particles in a solution, decays with laxation rate directly correlated to the
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diffusion coefficient D (A s®) and therefore, the hydrodynamic size accordintpéostokes-
Einstein equation is:

_ kgT
~ 3mndy

where ¢ is the hydrodynamic diameter,is the viscosity of the mobile phase (kg s1), T

is the temperature of the medium (at room temperat293 K) and K is the Boltzmann
constant (1.38 I¢ kg nf s K™). The IS-DLS instrument used in this study is &&aFlex
from Cordouan Technologies (Pessac, France) amivalthe measurement of particles
directly in the solution (see ESI-S1).

Asymmetrical flow field-flow fractionation (A4F), diquid-chromatography-based
technique, coupled to UV-Vis and static light seattg (SLS) was used to obtain high-
resolution size and structure characterizations. A4F system used in this investigation is an
Eclipse 3+ from Wyatt Technology (Dernbach, Germaiiye trapezoidal A4F channel was
26.5 cm in length, 0.6 and 2.1 cm in width, and hatlickness fixed here at 2o@. The
A4F fractionation conditions are optimized accogdito the protocol described elsewhere
(Gigault et al., 2014) and summarized as followstedtor flow fixed at 0.5 mL min-1;
relaxation flow fixed at 2.0 mL mihduring 5 minutes; the elution starts with a desireg
crossflow rate (exponential decay) from 2.0 toWithin 40 minutes. The A4F is coupled to a
UV-Vis absorbance diode array detector from Agil€athnologies (Les Ulis, France) and a
static light scattering (SLS) detector (Dawn He)elosm Wyatt Technology (Santa Barbara,
CA, USA). The SLS principle consists of measurihg tntensity of light scattered by the
particles according to the angle of detection (Bard, 1983). Briefly, the SLS signal
depends on both the concentration and size (gyradidius, B) of the analytes. ]s defined
as the square root of the weighted average of idtandte for all mass points inside a given
analyte (Burchard, 1983). Additionally, from SLSdahe angular variation in the intensity of

scattered light, the fractal dimension;\Dan be determined (Raper and Amal, 1993). With
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regard to nanoparticles,{s a precise indication of both the shape and ptyraf the
materials (see ES-S3). Discrete measurement reatdtsreported as the mean with an
associated uncertainty of one standard deviaticesgmted as an interval or error bar) and are

typically based on three to five replicates perfednnder repeatable conditions.

3. Resultsand discussion

After the seven-day leaching experiment, the totglnic carbon (TOC) in the unsmoked
(un-CGB) and smoked-cigarette butts (f-CGB) wassuezd to be 2.810.36% (w/CGB) and
4.12+0.24% (w/CGB), respectively. To normalize and corepthe results, the TOC values
are expressed as the dry weight percentage reflatélde total mass of CGB used in the
leaching experiment (w/CGB). Figure 1 presentsrédwilts obtained by IS-DLS. Even if a
relative quantity of TOC is released from un-CGB,aworrelation in the intensity of scattered
light is observed in the ACF (blue dot in Fig. 14).this TOC concentration, a constant ACF
close to unity is characteristic of the absencenafioscale particles in the solution. After
concentration by ultrafiltration at 10 kDa, agacurrelation in the ACF is still lacking,
suggesting that all the carbon materials released tin-CPG are molecular and dissolved or
are under the size limit for DLS characterizatiemgluated at 1 nm). Because cigarette filters
are mostly composed of cellulose-based materiadsrdlease of these materials (degraded or
not) is expected (Bonanomi et al., 2015). In catiréor f-CGB, the increase in the TOC to
4.12+0.24 % (w/CGB) is directly correlated with the dist exponential decay of the ACF.
Based on this ACF and according to the DLS thebiryure 1b illustrates the hydrodynamic
diameter distribution of different leachate repiegsa As expected by the filtration cut-off
(0.45 um), d4 ranges from 70 to 400 nm with a maximum from 18@®20 nm and a z-

average of §=202.4t74.1 nm.
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Figure 1: Dynamic light scattering results of smoked and unsmoked cigarette butt leachate with (a) the autocorrelation
function and (b) the corresponding size distribution of the different leaching experiments replicates. The total organic carbon
(TOC) isindicated on the ACF.

Figure 2a and 2b presents the fractogram obtainedA4--UV-SLS with light
scattering traces at 90° (Fig. 2a) and UV absomaic254 nm (Fig. 2b). In normal-mode
elution, A4F separates particles according to tbeffwient of diffusion and linearly
according to the hydrodynamic size. The UV tracesents a large peak in the void time (at
lower retention time,ot1l min) corresponding to un-retained species, @diyedissolved
species but with sizes over 10 kDa. Degraded csléufrom the cigarette filter or other small
molecules from the combustion process can be iedudh this small size fraction.
Additionally, in the UV trace at this void time, s@e information can be obtained from SLS,
characteristic to particles with radii less thannt (size limit of SLS detection). At higher
retention time (i.e., 18 minutes), the UV tracesprds a second small peak relative to the
void time, correlated to a large and intense Sh8er This second retained population can be
attributed to nanoscale particles with a smallé&atnee proportion than the dissolved portion.
This difference can be explained by the dependeidlie SLS detector on both the analyte
concentration and size®(r The gyration radius @R of the nanoscale particle population

ranges from 70 nm to 280 nm.
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Based on both the DLS and A4F-SLS results, the mam size determined
corresponds to the filtration cut-off (0.48n). Nevertheless, at the lower size regime, no
particles with sizes below 70 nm in diameter ararabterized, raising several questions
concerning their presence and/or the limitationtloé analytical methods. In a recent
publication, van Dijk et al. highlighted that namoficles with sizes ranging from 6 nm to 50
nm from cigarette smoke transfer to humans (vak &jjal., 2011). Such results indicate that
the filters in cigarette butts cannot concentratmaparticles with sizes below 50 nm
(approximately). As demonstrated above, becauss smver than 70 nm were not detected
in the CGB leachate, a hypothesis for their absem¢GB and their ability to pass through

the filter can be made, confirming literature data validating our size determination results.
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The correlation of the A4F-UV-SLS and IS-DLS resudives information about the
shape of the analytes, which can be characterigeékebshape ratio expressed gfR Based
on the mean size, the/R, ratio is 1.5%0.01. This typical value is characteristic of paes
deviating slightly from spherical-shaped or withanlging intrinsic structures. Figure 2c
presents the variation in the intensity of light@aling to the scattering vector (Q) on the log-
log scale (Gigault and Grassl, 2017). For @R the slope is directly related to the fractal
dimension (). Nanoscale particles released from f-CGB prebagitly open structures with
a D of 1.13 for 113 nm @) particles up to 1.52 fosr248 nm. A D close to 3 corresponds to
spherical and compact particles and aggregatese @HD close to unity is characteristic of
one-dimensional particles, such as worm-like oepttyper-branched particles. Thevalues
obtained for f-CGB correspond to those obtainedpiavious works investigating soot
aggregation in aqueous system (Gorbunov et al9;19% et al., 2005; Ma et al., 2013). Due
to this similarity with carbon-based nanomateritig, nanoscale patrticles released from CGB
can be hypothesized to have a soot-based compositio

To investigate the composition of the nanopartichetion and validate our previous
hypothesis, the leachate was ultrafiltered on &0 MWCO filter. While the filtrate (<10
kDa) was considered the dissolved fraction, thentate was considered the nanoscale
particle fraction. The corresponding IS-DLS resulie presented in the supplemental
information (see ES-Fig. S1). The TOC values of tle fractions are similar to those
obtained for the initial solutions without purifican. Cigarette smoke is known to transport
many contaminants such as polycylic aromatic comgsuand heavy metals (Gaja-

Sidorczuk et al., 2008; Jarup, 2003; Luceri etl#l93).
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Figure 3 presents the variation in the principataitie and inorganic species analyzed
by ICP-MS according to both the un-CGB and f-CGBcfions. To compare the results
among the different replicates, all concentratiomshe rainwater leachate solution were
normalized by the amount of total organic carboalyred (1g gTOCY) in each fraction.
Among all species quantified, Fe, Al and Zn aredpreinant, with more than 1Qfy gTOC*
released. Cr, Mn and Cu are less dominant, withsesasanging from 1 to 50@g gTOC*
released. Finally, 0.1 to fig gTOC" of Pb, Cd, As and Co was released. The total metal
concentrations are on the same order of magnitiedehase reported in the literature
(Moerman and Potts, 2011). Considering the fraefidistribution, un-CGB presents metallic
concentration, while no nanoparticles were idesdifand characterized by IS-DLS and A4F-
SLS. This result is explained by the low MWCO (i.&0 kDa) used to separate and
concentrate both fractions by sequential ultrafiiom. As previously explained, cigarette
filters are composed of cellulose-based materilgughter et al., 2011). These materials are
degraded during the leaching process and releasethrge molecular weight distribution but
are not sufficiently large (5-10 nm) to be detecksdA4F-UV-SLS and/or DLS. For the
dissolved fractions, no distinct differences arsesised in the metal distribution of un-CGB
and f-CGB. Nevertheless, for the NP fraction, exdepCu, Ni and As, an increase in metal
is observed. f-CGB does not show a different tatabunt of metal in the leached solution
compared to un-CGB but has a distinct effect onr testribution according to the size
fraction (i.e., from the dissolved to the nanosqaeticle fraction). In Figure 3, the relative
proportion of each species characterized is illistt according to the fraction. Except for As
and Zn, which are distributed equally between the fractions, all other metal species are
principally distributed in the NP fraction. Thesesults confirm the high affinity of metal

species with carbon-based colloids generally olesem the environment (Dai et al., 1995;
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Hargreaves et al., 2017; Sau et al., 2010; Watlals, 2008). A recent work from Hargreaves
et al. showed that wastewater effluent containedreiderable distribution of metal (Cu, Pb,
Ni and Zn) in the nanoscale fraction adsorbed andfomplexed with non-humic
macromolecules, such as soot nanopatrticles (Hargsest al., 2017).

Moreover, for Cr and Al, a clear difference is atved in that over 80% is associated with the
NP fraction. Alumina is known to be both in theloaal form when in its oxide forms and
associated with colloid particles with fractal sizistribution, such as soot particles
(Ringenbach et al., 1995). Concerning chromiunfeeht hypotheses are made according to
its oxidation state (Cr(lll) or Cr(VI1)) within thpH of rainwater. Soot particles are generally
negatively charged, and because the pH of FSRWoIstly acidic, different association can
be made. Further analysis to understand the prepmsgation of such metals associated with
NP released from cigarette butts is on-going. Tlesgoing studies concern the speciation of
metals according to the physical and chemical pt@se of the nanoscale fraction.
Additionally, further analyses are also plannedet@luate the stability of such nanoscale
particles in different environmental compartments.

Without considering nanoparticles specificallyaege amount of metals is released in
the environment from CGB. As illustrated in Figdrea rapid estimation could reach several
millions of tons each year for both the dissolvad aanoscale fraction.

Currently, NP are difficult to remove in wastewatieratment plants, and most often,
this size fraction is directly released into theimmment. Knowing the diffusion properties
of nanomaterials in different environmental compemts, our results suggest a new
emerging and global contamination of the environiman cigarette butts, comparable to
plastic litter, which urgently needs to be consader

Indeed, compared to dissolved species (where mesaalde more easily complexed,

accumulated and remediated), metals can be magsicelumulated in the NP fraction and
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transported over a large distance. Such transpotldc dramatically increase their
environmental and health impacts. Slaughter esfadwed that the toxicity of cigarette butt
leachate on marine and freshwater fish increasad un-CGB to f-CGB (Slaughter et al.,
2011). Our results can explain this increase agdest that by improving NP removal from
wastewater combined with policies for prohibitingsB social dumping in both urban and
rural systems, an important decrease in the totaluat of metal in the environment can be

expected.

5.6 trillions CGB in the environment /
year (Healton et al. 2011)

Leached by Rainwater

| Nanoscale fraction | Dissolved |fraction |

Metal Estim|ation of Metal  Estimation of
amountleached amountleached
worlwide* worlwide*
106 tons/year 106 tons/year

Al 71.03+3.55 Al 80.11+4.01

Cr 4.51+0.22 Cr 2.18+0.11

Mn 4.4610.22 Mn 15.88+0.79

Fe 26.88+1.34 Fe 71.71+3.58

Co 0.16%0.01 Co 0.42+0.02

Ni 0.4340.02 Ni 1.65+0.08

Cu 1.63+0.08 Cu 5.54+0.27

Zn 17.71+0.89 Zn 99.35+4.97

As 0.05%+0.01 As 0.23140.01

Cd 0.11+0.01 Ccd 0.21+0.01

Pb 0.15£0.01 Pb 0.37+0.02

Figure 4: Estimation of the total worldwide metal released in the environment by year from cigarette butts, according to the
fraction considered. *The total estimation is based on the calculation of the global amount of cigarette butts littered each
year in the environment made by Healton et al. and considers leaching from rainwater as the only release mechanism.

Acknowledgements
This work is supported by “Observatoire des ScisramI'Univers de Rennes” of the French

National Center for Scientific Research (CNRS).

16



321

322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

References

Baalousha, M., Yang, Y., Vance, M.E., Colman, BNtNeal, S., Xu, J., Blaszczak, J.,
Steele, M., Bernhardt, E., Hochella Jr., M.F., 20@6tdoor urban nanomaterials: The
emergence of a new, integrated, and critical fafldtudy. Sci. Total Environ. 557-558, 740—
753.

Bonanomi, G., Incerti, G., Cesarano, G., Gagli@4,., Lanzotti, V., 2015. Cigarette Butt
Decomposition and Associated Chemical Changes Asddsy 13C CPMAS NMR. PLoS
ONE 10.

Burchard, W., 1983. Static and dynamic light scattefrom branched polymers and
biopolymers, in: Light Scattering from Polymers,vadices in Polymer Science. Springer
Berlin Heidelberg, pp. 1-124.

Bystrzejewska-Piotrowska, G., Golimowski, J., Urp@rlL., 2009. Nanoparticles: Their
potential toxicity, waste and environmental manageim\Waste Manag. 29, 2587-2595.

Dai, M., Martin, J.-M., Cauwet, G., 1995. The sigant role of colloids in the transport and
transformation of organic carbon and associatesttnaetals (Cd, Cu and Ni) in the Rhone
delta (France). Mar. Chem. 51, 159-175.

Davies, C.M., Ferguson, C.M., Kaucner, C., Krogh, Mtavilla, N., Deere, D.A., Ashbolt,
N.J., 2004. Dispersion and Transport of Cryptogpom Oocysts from Fecal Pats under
Simulated Rainfall Events. Appl. Environ. Microhi@0, 1151-1159.

Dobaradaran, S., Nabipour, I., Saeedi, R., Ost®vakKhorsand, M., Khajeahmadi, N.,
Hayati, R., Keshtkar, M., 2017. Association of nte{&d, Fe, As, Ni, Cu, Zn and Mn) with
cigarette butts in northern part of the Persiarf.Qudb. Control 26, 461-463.

Galazyn-Sidorczuk, M., Brzoska, M.M., Moniuszko-Jakoniudk 2008. Estimation of Polish
cigarettes contamination with cadmium and lead,eqbsure to these metals via smoking.
Environ. Monit. Assess. 137, 481-493.

Gigault, J., Grassl, B., 2017. Improving the untierding of fullerene (nC60) aggregate
structures: Fractal dimension characterizationtaycslight scattering coupled to
asymmetrical flow field flow fractionation. J. Coitl Interface Sci. 502, 193-200.

Gigault, J., Pettibone, J.M., Schmitt, C., HackMA., 2014. Rational strategy for
characterization of nanoscale particles by asymaogaw field flow fractionation: A
Tutorial. Anal. Chim. Acta 809, 9-24.

Gorbunov, B., Clarke, A.G., Hamilton, R.S., 1999aGulation of soot particles and fractal
dimension. J. Aerosol Sci. 30, S445-S446.

Hargreaves, A.J., Vale, P., Whelan, J., Constan@oDotro, G., Campo, P., Cartmell, E.,
2017. Distribution of trace metals (Cu, Pb, Ni, Befween particulate, colloidal and truly

17



370 dissolved fractions in wastewater treatment. Ch@inese 175, 239-246.

371

372 Healton, C.G., Cummings, K.M., O’'Connor, R.J., Nowo T.E., 2011. Butt really? The

373 environmental impact of cigarettes. Tob. Contrali26i1.

374

375 Jarup, L., 2003. Hazards of heavy metal contananaBr. Med. Bull. 68, 167-182.

376

377 Koelmans, A.A., Besseling, E., Shim, W.J., 2015nddastics in the Aquatic Environment.
378 Ciritical Review, in: Bergmann, M., Gutow, L., KlageM. (Eds.), Marine Anthropogenic

379 Litter. Springer International Publishing, pp. 3389.

380

381 Luceri, F., Pieraccini, G., Moneti, G., Dolara, P993. Primary Aromatic Amines from Side-
382  Stream Cigarette Smoke are Common Contaminantslobl Air. Toxicol. Ind. Health 9,

383  405-413.

384

385 Luo, C.-H., Lee, W.-M.G., Lai, Y.-C., Wen, C.-Y.jdw, J.-J., 2005. Measuring the fractal
386 dimension of diesel soot agglomerates by fracti@malvnian motion processor. Atmos.

387  Environ. 39, 3565-3572.

388

389 Ma, X., Zangmeister, C.D., Gigault, J., Mulhollagl\W., Zachariah, M.R., 2013. Soot

390 aggregate restructuring during water processingedosol Sci. 66, 209-219.

391

392 Marah, M., Novotny, T.E., 2011. Geographic patterhsigarette butt waste in the urban
393 environment. Tob. Control 20, i42-i44.

394

395 Moerman, J.W., Potts, G.E., 2011. Analysis of nselighched from smoked cigarette litter.
396 Tob. Control 20, i30-i35.

397

398 Novotny, T.E., Lum, K., Smith, E., Wang, V., Barngs, 2009. Cigarettes Butts and the Case
399 for an Environmental Policy on Hazardous Cigareéieste. Int. J. Environ. Res. Public.

400 Health 6, 1691-1705.

401

402  Pelit, F.O., Demirdgen, R.E., Henden, E., 2013. Investigation of heaeyal content of

403  Turkish tobacco leaves, cigarette butt, ash, anakemrEnviron. Monit. Assess. 185, 9471
404  9479.

405

406 Raper, J.A., Amal, R., 1993. Measurement of Aggeegaactal Dimensions Using Static
407  Light Scattering. Part. Part. Syst. Charact. 19-235.

408

409 Ringenbach, E., Chauveteau, G., Pefferkorn, E.51Bffect of soluble aluminum ions on
410 polyelectrolyte-alumina interaction. Kinetics oflypmer adsorption and colloid stabilization.
411  Colloids Surf. Physicochem. Eng. Asp. 99, 161-173.

412

413  Sau, T.K., Rogach, A.L., Jackel, F., Klar, T.A.|]dmeann, J., 2010. Properties and

414  applications of colloidal nonspherical noble metahoparticles. Adv. Mater. 22, 1805-1825.
415  Slaughter, E., Gersberg, R.M., Watanabe, K., Rudalp Stransky, C., Novotny, T.E., 2011.
416  Toxicity of cigarette butts, and their chemical gaments, to marine and freshwater fish.
417  Tob. Control 20, i25-i29.

418

419 Ter Halle, A., Jeannau, L., Martignac, M., Jarde Hedrono, B., Brach, L., Gigault, J., 2017.

18



420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

Nanoplastic in the North Atlantic Subtropical GyEsv. Sci Technol in press.

van Dijk, W.D., Gopal, S., Scheepers, P.T.J., 20lEhoparticles in cigarette smoke; real-
time undiluted measurements by a scanning molmétyicle sizer. Anal. Bioanal. Chem. 399,
3573-3578.

Velzeboer, I., Kwadijk, C.J.A.F., Koelmans, A.AQI. Strong sorption of PCBs to
nanoplastics, microplastics, carbon nanotubesfdladtenes. Environ. Sci. Technol. 48,
4869-4876.

Waeles, M., Tanguy, V., Lespes, G., Riso, R.D.,2@ehaviour of colloidal trace metals
(Cu, Pb and Cd) in estuarine waters: An approastgusontal ultrafiltration (UF) and
stripping chronopotentiometric methods (SCP). BstQaast. Shelf Sci. 80, 538-544.

Wang, L., Fortner, J.D., Hou, L., Zhang, C., KanT ATomson, M.B., Chen, W., 2013.

Contaminant-mobilizing capability of fullerene ngaaticles (nC60): Effect of solvent-
exchange process in nC60 formation. Environ. TdxiCbem. 32, 329-336.

19



Highlights:

» Cigarette butts (CGB) are the most common litter found in the environment.
» Thisstudy presents new evidence of nanoscale particles (NP) leached from CGB.
* NP contain alarge part of the volume of metal released from CGB.

*  Our resultsraised urgent questions on CGB litter and their environmental impacts.



