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ABSTRACT

Once plastic products containing multi-walled carbon nanotubes (MWCNT) are disposed, UV-light exposure may destabilize their structural integrity, leading to a
release of MWCNT into the environment that can possibly be taken up by organisms and cause adverse effects. The aim of this study was to quantify the released
amount of embedded *C-MWCNT epoxy (E) nanocomposites. Furthermore, bioaccumulation of the released material was investigated in Lumbriculus variegatus.

The release of radioactivity (RA) from irradiated (+SSR) E/**C-MWCNT composites was quantified after a series of mechanical treatments and in a quartz sand-
water system. Non-irradiated composites served as control group (-SSR). Unlabeled + SSR-nanocomposites were analyzed by means of electron microscopy. The
exposure of blackworms to the released material and the amount of RA in the water phase, the quartz sand, and the faeces was quantified.

About 0.1% of the embedded RA was released from + SSR-nanocomposites by mechanical treatment and exposure in the quartz sand-water system, which was
about 23 times higher compared to -SSR composites. This corresponds to around 3mg '*C-MWCNT m ™2 for both approaches. Based on the released mass per
composite area, +SSR plates set free a 50-fold higher amount of RA. A detectable amount of 7.3 + 1.8 ng of '*G-MWCNT was also found in the water phase of the
quartz sand-water systems. Electron microscopy revealed an enhanced surface degradation of the composites after SSR and mechanical treatments. Released polymer
particles also contained protruding MWCNT. An amount of 2.4 *+ 1.8% of released RA was taken up by blackworms after 2 d and about 66% of ingested material was
eliminated again after 24 h.

The results of this study show that SSR leads to an enhanced release of mostly E-polymer associated MWCNT from nanocomposites that are bioavailable for
sediment-dwelling organisms, although the absolute amount of released material is low. Follow-up studies examining toxicological effects after uptake are essential

for the environmental risk assessment of MWCNT and E/MWCNT-composites.

1. Introduction

From 1950 to 2014 the worldwide yearly amount of plastic products
increased gradually from 1.5 to 311 megatons (Ivleva et al., 2017).
Multi-walled carbon nanotubes (MWCNT) can be easily embedded in
such plastic polymers. This incorporation of MWCNT as additives en-
hances various properties of composites compared to neat plastic ma-
terials. (Wetzel et al., 2003; Sulong et al., 2006; Hollertz et al., 2011;
Jackson et al., 2016). For the production of nanocomposites, a wide
range of plastic polymer can be used, such as polyamide, polystyrene,
polyethylene, polypropylene, polycarbonate, polyurethane, or epoxy
resin (E). Usually, such plastic materials undergo life-cycle processes
from synthesis of the polymers and MWCNT to their use and finally
their disposal (Nowack et al., 2013; Wohlleben et al., 2016).

A low risk for human and the environment is expected from
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nanocomposite products as long as MWCNT remain integrated in the
surrounding matrix polymer during their complete life-cycle
(Wohlleben et al., 2011b; Hirth et al., 2013). Recent studies revealed
that degradation of MWCNT embedded nanocomposites leads to an
enhanced release of polymer fragments with containing and protruding
MWCNT (Hirth et al., 2013; Petersen et al., 2014; Schlagenhauf et al.,
2015b; Rhiem et al., 2016; Neubauer et al., 2017). During the consumer
use of a product mechanical stress as well as weathering processes will
take place in the environment, e.g., temperature, moisture, leaching,
salinity, or solar irradiation after disposal, which might cause the ma-
terial to release low amounts of MWCNT (Harper et al., 2015).

As such products reach their end-of-life, they are usually disposed or
incinerated. About 69% of plastic waste is recovered through recycling
and energy recovery processes; the remaining part is stored in landfills
(Ivleva et al., 2017). By transportation through winds or carelessly
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disposed waste, neat and MWCNT containing plastic debris finally enter
the terrestrial and aquatic environment (Primpke et al., 2017; Nowack
and Mitrano, 2018). This waste is then exposed to different environ-
mental weathering processes, e.g., temperature or UV-light, causing a
steady degradation of the plastic polymer and thus a potential release of
MWCNT.

Many studies already described that UV-irradiation increases the
degradation of several MWCNT containing plastic polymers, resulting
in a release of material fragments containing and protruding MWCNT as
well as single MWCNT (Hirth et al., 2013; Ging et al., 2014; Kingston
et al., 2014; Petersen et al., 2014; Schlagenhauf et al., 2015b;
Wohlleben et al., 2016; Koivisto et al., 2017; Nguyen et al., 2017). UV-
degradation of composite surface polymer causes a delamination of a
2.5 pum thick layer (Schlagenhauf et al., 2015b). Furthermore, a dense,
entangled MWCNT network structure is formed on the surface, though
no release of MWCNT is detected (Nguyen et al., 2017). Combination of
high-shear wear and UV-degradation leads to a release of free MWCNT
in order of mg m_zyear_1 (Hirth et al., 2013). However, in all these
studies the release of MWCNT from nanocomposites could not be di-
rectly quantified. Only Rhiem et al. (2016) presented a study in which
an 80-fold stronger release of MWCNT from irradiated polycarbonate/
MWCNT was exactly determined by using '*C-labeled MWCNT. How-
ever, experimental data for release rates from different nanocomposites
types are still missing (Rhiem et al., 2016) but urgently required, al-
though simulated release scenarios predict a potential release of
MWCNT during the whole life cycle of a nanocomposite (Eckelman
et al.,, 2012; Nowack et al., 2013; Caballero-Guzman and Nowack,
2016; Sun et al., 2017).

Until now, no release behaviour or fate of (weathered and de-
graded) polymer fragments and single MWCNT from nanocomposites
into sediments and soils was assessed. One possible pathway of the
released polymer fragments and single MWCNT leads directly into
different aquatic and terrestrial biotopes without a cleaning procedure
by a treatment plant, e.g., lakes, rivers, oceans, or soil (Nowack et al.,
2013; Caballero-Guzman and Nowack, 2018). Depending on the
polymer material, polymer density and on the photo-oxidation pro-
cesses, fragments either tend to remain in the aqueous phase or rapidly
deposit in sediments, that usually act as a sink for carbonaceous, hy-
drophobic matter like MWCNT (Schierz et al., 2014; Eerkes-Medrano
et al., 2015; Besseling et al., 2017b; Kooi et al., 2018). It can be hy-
pothesized that due to rapid surface polymer UV-degradation the re-
lease of MWCNT and polymer fragments into sediments is enhanced by
additional mechanical abrasion under environmental conditions than
for non-irradiated samples. The released material is expected to be
photo-oxidized by UV-light on the MWCNT- and fragment surfaces
rendering the particles more hydrophilic.

To the best of our knowledge no ecotoxicological studies with re-
leased material in environmental media from (weathered) MWCNT
nanocomposites are availablee. MWCNT and micro- and nanoplastics
alone may cause negative effects on aquatic and terrestrial organisms
and can be ingested as well (Maes et al., 2014; Rhiem et al., 2015; Kesy
et al., 2016; Besseling et al., 2017a; Hurley et al., 2017). Even though
bioaccumulation of MWCNT, micro-, and nanoplastics alone is assumed
to be low in aquatic and terrestrial biota (Duis and Coors, 2016;
Bjorkland et al., 2017), the increasing production of MWCNT enhanced
plastic products will further burden the environment while ecotox-
icological data are urgently required. It can be assumed that these re-
leased materials are potentially ingested by aquatic and benthic biota,
eventually causing negative effects.

This study aimed at a comparison and quantification of released
MWCNT amounts from simulated sunlight irradiated and non-irra-
diated E/MWCNT nanocomposites (i) after a series of mechanical
treatments (ii) in quartz sand-water systems. Furthermore, (iii) uptake
and excretion by a sediment-dwelling organism was quantified.
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2. Materials and methods
2.1. Synthesis of 1*C-labeled MWCNT

Radiolabeled MWCNT (**C-MWCNT) were synthesized by catalytic
chemical vapour deposition with the help of Bayer Technology Services
GmbH (BTS, Leverkusen, Germany). Details on the synthesis can be
found in Maes et al. (2014) and Rhiem et al. (2015). The radioactive
label was incorporated in the graphene walls of the nanotubes with a
specific RA of 1.9 MBq/ mg *C-MWCNT. *C-MWCNT contained 3-15
walls with an inner diameter of 4 nm, an outer diameter of 5-20 nm,
and a length of =1000nm. After washing the product with 12.5%
hydrochloric acid, the carbon purity of synthesized '*C-MWCNT was
above 95%. This means, that all *#C-radiolabeled (and non-labeled, *2C)
carbon atoms belongs to these 95%. It is possible, that some part of the
impurities also contains '*C, which might be released, but since the
untreated (control) MWCNT did release only tiny amounts compared to
the treated MWCNT, it can be assured, that release is due to degrada-
tion of the polymer matrix. In addition, impurity of MWCNT includes
residual inorganic contaminants from the catalysts used for synthesis of
MWCNT (personal information from the producer). Such impurities do
not contain *C. For production of epoxy nanocomposites with non-
radioactive MWCNT (E/MWCNT), unlabeled MWCNT (Baytubes®
C150P) were provided by BTS. These MWCNT were produced by the
same synthetic procedure on a larger scale. A comparison of radi-
olabeled and unlabeled MWCNT by electron microscopy revealed same
structural characteristics (Rhiem et al., 2016).

2.2. Production of E/MWCNT nanocomposites

The E/MWCNT nanocomposites were produced with an MWCNT
percentage of 0.25% (w/w). Eleven grams of E/MWCNT raw material
were produced for all plates. In the first step 8.7 g of epoxy resin
(Huntsman Advanced Materials, Switzerland) were mixed with 5g
ethanol (=99.8%) at 80 °C to obtain a fluent and smooth mixture.
Simultaneously, 27.5mg of MWCNT (Baytubes C150 P) were homo-
genously dispersed in 15 g ethanol by using an ultrasonic disintegrator
with a microtip, twice for 10 min (Sonopuls HD 2070, 70 W, pulse:
0.2s, pause: 0.8 s). This dispersion was then slowly dropped into the
resin and the mixture was stirred until the ethanol was evaporated
completely. During stirring the resin containing MWCNT was ultra-
sonicated four times for 10 min using the same settings (see SI).

Subsequently, 2.3 g hardener, consisting of 100 parts Aradur 1571
and 13 parts of Accelerator 1573 (Huntsman Advanced Materials,
Switzerland), were added into the resin under stirring (ratio 10:2.6
resin:hardener). The raw bulk material was portioned into small Teflon
moulds (@ 18 mm, Fig. Al B) forming composite plates with a weight of
300 to 400 mg. In the last step the plates were dried at 80 °C for 1 h and
subsequently heated at 120 °C for at least 2h. The product was briefly
cleaned in ethanol and stored in the dark until the beginning of the
experiments (Fig. A1 C) Description of the mean diameter and weight of
the plates can be found in the SI. Based on the assumption that '*C-
MWCNT are homogenously distributed within the composite polymer,
the initially embedded amount of RA was calculated by the amount of
14C-MWCNT used for production of the composite plates (0.25% w/w)
multiplied by the actual weight of each plate.

2.3. Weathering of nanocomposites by simulated sunlight radiation

One part of the produced E/MWCNT composites (radiolabeled and
unlabeled) was subsequently weathered by simulated sunlight radiation
(SSR) using a weathering testing apparatus with slight changes ac-
cording to ISO 3892-2:2006 (Suntest™ CPS+, Altas Material Testing
Technology, Germany, standard black temperature 65 °C, dry condi-
tions). An air-cooled xenon lamp (1500 W) with a daylight UV filter
producing light with a wavelength range of 300 to 400 nm irradiated
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Fig. 1. Mechanical treatment experiment for determining the release of radioactivity from '*C-labeled irradiated epoxy/MWCNT (E/**CG-MWCNT) composites (n = 4,
+SSR4, and +SSR,) and non-irradiated E/**C-MWCNT control plates (n = 2, -SSRy, and -SSR,). Three different mechanical treatments for the nanocomposites are
depicted: the plates were tapped over a petri dish, shaken in 15 mL Milli Q water for 3 d, and finally both sides were gently wiped off once with a tissue after the first
and the second irradiation cycle. The same was performed using unlabeled nanocomposites.

only one surface of the plates. The irradiance was set up at 50 Wm ™2,

Samples were placed on a water-cooled exposure table and were put in
a new position once a week in order to guarantee a uniform irradiation
of the composites. For the release experiments with mechanical treat-
ment, one part of non-irradiated E-plates was exposed to two irradia-
tion cycles: in the first cycle, one side of these plates was irradiated for
30d (130 MJm™2). Afterwards, the first mechanical treatment series
was performed for both non-irradiated (-SSR;) and irradiated plates
(+SSR;). Composites that were initially subjected to SSR were now
again irradiated for 60d at the same surface (260 MJ m~?). Then, E/
MWCNT nanocomposites (-SSR, and +SSR,) were treated mechani-
cally again (Fig. 1). Non-irradiated plates (-SSR; and —SSR,) served as
control group for each mechanical treatment. For the release study
using quartz sand-water systems, non-irradiated (-SSR) and 90d
(390 MJm~3?) constantly irradiated nanocomposites (+SSR) without
any mechanical treatment were used to show the influence of UV-de-
gradation on the release of MWCNT.

2.4. Release of 1*C-activity by a series of mechanical treatments

Three different mechanical treatment methods were chosen for
determining the release of RA from '“C-labeled irradiated E/MWCNT
composites (n =4, +SSR;, and +SSR,) and non-irradiated radi-
olabeled E/MWCNT control plates (n = 2, -SSR;, and -SSR5) to compare
the amounts of '*C-MWCNT released after 30 d and 60 d of irradiation
(Fig. 1).

In the first step (‘tapping’) the composites were carefully hold with a
pair of tweezers and gently tapped ten times over a petri dish. The petri
dish was then cleaned with a wet tissue, which was put in 15mL
scintillation cocktail (IRGASAFE Plus™, Perkin Elmer) and subjected to
liquid scintillation counting (LSC). Afterwards, the composites were
placed in 15 mL of Milli Q water (‘shaking’), which was shaken for three
days (160 rpm) similar to the study of Rhiem et al. (2016). The com-
plete aqueous phase was then analyzed by LSC as well. Finally, both
sides of the composites were gently wiped once with a tissue that was
again subjected to LSC (‘wiping’). Furthermore, unlabeled E/MWCNT

and E-only plates were produced and irradiated as well (Fig. A2 A-B) in
order to visualize their surface by scanning electron microscopy (SEM)
and the released material by transmission electron microscopy (TEM).
The released particles were collected in the water after shaking, con-
centrated by evaporation, and resolved in 0.5 mL Milli Q water for TEM
measurements. Description of the SEM and TEM measurements can be
found in the SI. Data are presented as the cumulative released per-
centage of introduced (embedded) amounts of 14C-MWCNT in the
composite (Table 1A) and proportions of total RA amount released
during the mechanical treatment (total released RA = 100% value,
Table 1B). The measured RA of the **C-labeling can be directly trans-
formed into mass '*C-MWCNT using their specific activity of (1.9 MBq/
mg *C-MWCNT). The sum of released RA of all treatments and after all
irradiation cycles is given as + SSRgymS.

2.5. Release of **C-activity in a quartz sand-water system

To study the release of RA in a quartz sand-water system, '*C-
labeled + SSR E/MWCNT nanocomposites (n = 3, Fig. 2) were directly
placed into glass vessels containing 8 g dry weight (dw) of pre-washed
and dried quartz sand (F36, Quarzwerke Frechen, Germany) and 24 mL
of reconstituted water (OECD, 1992).

In detail, at first 4 g of quartz sand was put in the glass vessel. The
composites were placed on this layer and 4 g of quartz sand was added
on the plate in order to cover it completely. The water was slowly and
carefully pipetted along the edge of the vessel. Subsequently, vessels
were closed with Parafilm® and shaken vertically at 60 rpm. Quartz
sand and medium were exchanged after 1, 4, 14, 28, and 42 d. The RA
in quartz sand and overlaying medium was measured for every time
point using LSC. On each time point, the water phase was drained and
RA was measured in the complete volume. To get the plates out of the
vessels non-destructively, the upper quartz sand phase above the
composite was rinsed carefully from the plate using Milli Q water. The
nanocomposite was taken out carefully with tweezers and placed again
serially in a new quartz sand-water system as described above. The
quartz sand was dried at 104 °C for 24 h, then portioned in 1 g amounts
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Table 1

A-B Released percentage of initially embedded '*C-MWCNT from irradiated epoxy/**C-MWCNT nanocomposites (E/**C-MWCNT n = 4, A) based on the absolute
released "*C-MWCNT mass, and released proportions on each mechanical step (sum of three treatments = 100%, %, B) after different irradiation cycles (mean +
standard deviation). After the first irradiation cycle of 30 d with simulated sunlight radiation (+ SSR;) the plates were mechanically treated by tapping (1), shaking
in water for 3d at 150 rpm (2), and tissue wiping (3) and subsequently irradiated for another 60d (+ SSR,). After the second irradiation cycle the plates were
mechanically treated like after the first cycle. The relative amounts of '*C-MWCNT were summed up for each mechanical treatment and irradiation scenario and the
percentage of initially embedded MWCNT was determined ( = SSRg,m). Sum of released material after all treatment steps is marked in bold figures. Non-irradiated
composites (-SSR; and —-SSR,) were kept in the dark and served as controls (n = 2), but were treated mechanically as well. Significant differences between -SSR and
+ SSR were statistically examined by use of a Student t-test (@ = 0.05) and were marked by asterisks (*), no significance between the treatments were marked with a
minus (—). The detection limit of LSC was determined as 0.21 ng *C-MWCNT (at a specific RA of 1.9kBqug~' *C-MWCNT).

A

Treatments 1st irradiation cycle (30 d) 2nd irradiation cycle (60 d) ¥ released RA (30 + 60d)

-SSR; +SSR; Vs -SSR; +SSR, Y= -SSRsum +SSRsum /=

Released percentage of initially embedded '*C-MWCNT [%]

Tapping (1) 0.0003 + 0.0001  0.0016 + 0.0005 . 0.0002 + 0.0001  0.0003 + 0.0002 - 0.0005 * 0.0002  0.0019 * 0.0004 -

Shaking (2) 0.0004 + 0.0000  0.0074 * 0.0035" - 0.0004 + 0.0001  0.0210 * 0.0093  * 0.0008 + 0.0001  0.0233 * 0.0059"  *

Wiping (3) 0.0027 + 0.0017  0.0290 * 0.0239 - 0.0005 + 0.0002  0.0323 * 0.0120  * 0.0032 = 0.0019  0.0612 * 0.0337 -

¥ treatments  0.0034 + 0.0018  0.0248 = 0.0109°  — 0.0011 + 0.0004  0.0536 + 0.0195  * 0.0045 * 0.0022  0.1046 + 0.0664 -

B

Treatments 1st irradiation cycle (30 d) 2nd irradiation cycle (60 d) T released RA (30 + 60d)

-SSR; +8SR; -SSR +SSR; -SSRsum +SSRsum
Proportions of total released 14C-MWCNT [%]

Tapping (1) 7.7 £ 3.9 6.5 = 2.1° 125 = 125 0.5 + 0.3 11.4 = 5.7 1.8 + 0.4°

Shaking (2) 15.3 = 3.5 30.0 = 15.1° 37.5 = 11.3 39.2 + 19.0 20.0 + 2.6 215 + 6.2°

Wiping (3) 77.0 * 46.2 120.3 + 103.1° 50.0 + 12.5 60.2 + 24.7 68.6 + 37.1 58.5 + 34.3"

2 Outlier was detected by using Dixon's Q test (a = 0.05).

> Due to elimination of the outlier, the sums are not always adding up to 100%.
in scintillation vials, and RA measured by LSC (see SI). Preliminary composites without MWCNT (n = 2) were added into a same quartz
studies showed that even after 42d no microbial activity was mea- sand-water system. After 28 d both composite types were taken out and
sureable in quartz sand so that no *CO, traps were used. prepared for SEM and TEM analyses. An incubation period of 28 d for

Unlabeled irradiated composites containing MWCNT and irradiated the unlabeled composites was chosen, because the results of the release
no simulated solar
radiatidn (-SSR) quartz sand/water system
- |:: - :> e :>
. detection of released transfer of composites into
nanocomposites o 24 mL | ¥ ]
material in quartz sand recanstiitited a newly prepared system
and aqueous phase water after 1, 4, 14, 28 and 42.d
SSR: 300-400 nm, B
50 W m2
8 g dw quartz
irradiated for 90 d (+SSR)

Fig. 2. Quartz sand-water system experiment for determining the release of radioactivity from '*C-labeled irradiated and non-irradiated epoxy/MWCNT nano-
composites ( + SSR E/**C-MWCNT, n = 3). Plates were directly placed into glass vessels containing 8 g dry weight (dw) of pre-washed and dried quartz sand and
24 mL of reconstituted water. Quartz sand and medium were exchanged after 1, 4, 14, 28, and 42 d. The same was performed using unlabeled nanocomposites.
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experiment showed that most of the RA was set free from the plates
after this time. The water phase of the system was transferred to a Petri
dish. The plates were taken out as described above. An amount of 15 mL
Milli Q water was added to the quartz sand and the mixture slightly
shaken in order to whirl up the quartz sand. As a result, the released
material floated on the surface of the water phase, which could be
subsequently taken out into the Petri dish. The water phase was allowed
to evaporate completely until dryness at 60 °C for 24 h. The residues in
the petri dish contained salts and released material and were resolved
in 0.5mL Milli Q water. This concentrated material was placed on
cupper grids for TEM analyses. The surface of the plates was in-
vestigated by SEM analyses. Description of the methods using for SEM
and TEM can be found in the Supporting Information (SI).

2.6. Uptake experiments with Lumbriculus variegatus

Blackworms (Lumbriculus variegatus) were provided from ECT
Oekotoxikologie GmbH (Florsheim, Germany) and were cultured in
glass vessels (@ 23 cm, height 8 cm) containing 2 cm washed quartz
sand and 5cm layer of aired reconstituted water. The water tempera-
ture was adjusted to 20 + 1 °C and a photoperiod of 16 h:8 h light:dark
was given. Lumbriculus variegatus were fed with twice a week with a
stinging nettle suspension (300 mg in 10 mL MilliQ water). The water
phase was changed once a week; the sediment phase was changed every
five to six weeks. For the uptake experiments of released material five
synchronized blackworms (OECD, 2007) were exposed for 48 h in three
scenarios (Fig. 3):

A.) Released material (RM): irradiated composites (90d, +SSR) were
placed into quartz sand-water systems, which were subsequently
shaken until the equilibration time was reached after 28d for
E/'C-MWCNT plates (n = 3, 60 rpm). Afterwards, the organisms
were introduced into the vessels.

B.) Water application (WA): amounts of 845 ng *C-MWCNT per quartz
sand-water system were dispersed so that the dispersion contained
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the respective amount of '*C-MWCNT in 24 mL of reconstituted
water. This '*C-MWCNT amount was chosen in respect of the
maximum released RA from the plates after equilibration time
during the release experiments. The volume of 24 mL dispersion
was applied on 8 g dw quartz sand, already containing 2.3 mL re-
constituted water (representing the maximum water holding capa-
city, WHC,ox for the quartz sand). Blackworms were inserted into
the vessels (n = 4).

C.) Quartz sand application (SA): the same amount of *C-MWCNT
from B) were dispersed so that the dispersion contained this re-
spective amount of *C-MWCNT in 2.3 mL reconstituted water to
bring 8 g quartz sand to WHC,,,x. A volume of 24 mL reconstituted
water was added on the top of the sand without mixing and the
organisms were introduced into the vessels immediately afterwards
(n=4).

For B) and C) 26 and 28 ug of '*C-MWCNT was weighted at a mi-
crobalance (MYA 5.3Y, Radwag) and added into 330 and 40 mL of
aqueous medium, respectively. The MWCNT were dispersed by using an
ultrasonic disintegrator with a microtip twice for 10 min (Sonopuls HD
2070, 70 W, pulse: 0.2 s, pause: 0.8 s). Rhiem et al. (2015) showed that
this method is appropriate for dispersing MWCNT in aqueous solutions
since only small agglomerates and single MWCNT (0.2 to 1.0 pm) were
detected using TEM. The RA in the dispersions was measured before the
exposure in order to control the initial conditions. Control vessels
(n = 4) with the same scenarios as described above were set up, just
only with unlabeled MWCNT and + SSR nanocomposites. Additionally,
a control scenario only with quartz (n = 4) sand was prepared in the
same way. No mortality of blackworm was detected in all control
treatments after 2 d of incubation.

After the exposure time, the organisms were taken out of the vessels
and cleaned once with reconstituted water in order to detach associated
RA from the surface of the worms. RA in 10 mL water containing worm
faeces was quantified by LSC. After 24 h worms were taken out of the
vials and homogenized in a small glass mortar and 0.5 mL methanol

nanocomposites

SSR: 300-400 nm,
50 W m?

irradiated for{90 d (+SSR)

|
A) released material B) water application of

C) quartz sand
application of dis-
persed “C-MWCNT
(SA)

dispersed *C-MWCNT
(WA)

Fig. 3. Uptake experiments of radioactivity (RA) in three different scenarios: Five blackworms were exposed to A) released material from “C-labeled irradiated
epoxy/MWCNT composites (+SSR E/**C-MWCNT, RM, n = 3), B) **C-MWCNT applied to the water phase of the quartz sand-water system (WA, n = 4) and C) *C-
MWCNT applied to the quartz sand before adding water to the system (SA, n = 4) for 2d. After uptake of RA, excretion was observed for 24 h by transferring the

worms to reconstituted water.
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(=99.9%). This homogenate was transferred into a scintillation vial
and measured by LSC. The RA in the water phase, quartz sand phase,
and excretes were determined by LSC. The values for ‘worm and faeces’
are the sum of ‘faeces’ and ‘worm after elimination’ (Fig. 7). The biota
sediment accumulation factor (BSAF) was determined in all three sce-
narios (Ankley et al., 1992).

2.7. Data evaluation

Data were processed by using Microsoft Excel® (Microsoft Office
Professional Plus 2016), GraphPad Prism (GraphPad Prism 6, USA), and
SigmaPlot (SigmaPlot Version 12.0, USA). All data was tested for out-
liers using the Dixon's Q test (a = 0.05). Differences between treat-
ments (-SSR and + SSR) after mechanical treatment and in quartz sand-
water system were examined by use of a Student t-test (a = 0.05).
Furthermore, for significant differences between the application sce-
narios RM, WA and SA a multivariate ANOVA was performed (function
manova in R, R Core team, 2017). For the comparison of the BSAF
between these scenarios, a One Way ANOVA was performed (a = 0.05).
Data were checked for normality distribution with Shapiro-Wilk's test
(function shapiro.test in R) and for variance homogeneity with Levene's
test (function leveneTest in R).

2.8. Acronyms

In this section, the most important acronyms used in this text were
explained.

SSR simulated sunlight radiation

+SSR irradiated with simulated sunlight

-SSR non-irradiated control group

RM ‘released material’ — blackworm was exposed to released E/
MWCNT fragments

WA ‘water phase application’ — blackworm was exposed to dis-
persed MWCNT from water phase

SA ‘quartz sand application’ — blackworm was exposed to dis-
persed MWCNT from quartz sand

3. Results

3.1. Surface alteration and MWCNT release after weathering and
mechanical treatment of E/MWCNT

3.1.1. Electron microscopy of E/MWCNT surfaces and released material

Comparing the surface areas of E/MWCNT plates of all treatments,
plates being non-irradiated showed a very homogenous, smooth, and
plain surface (Fig. 4A). Only few and slight indentations as well as
protrusions were visible. In contrast, SSR and mechanical treatment
appeared to alter the plate surfaces (Fig. 4B-D, black arrows). The
surface of samples irradiated for one month showed formation of small
round-shaped structures (with a diameter of max. 5 um) over the entire
area (Fig. 4B). After three months of irradiation without any mechan-
ical treatment, a further decomposition of the epoxy polymer on the
surface was observed, resulting in clearly visible structures protruding
from the surface (Fig. 4C). These structures were similar to the pattern
observed in Fig. 4B, but more pronounced. In Fig. 4D, additional lesions
on the composite surface are visible.

The TEM results revealed that released particles consisted of epoxy
polymer with embedded and partially free MWCNT agglomerates and
also single string MWCNT protruding from the edge of the fragments
(Fig. 4D-F, white arrows). Released polymer fragments from the epoxy
composites itself, i.e., without embedded MWCNT, after three months
of irradiation were also detected having similar structures (see
Fig. 4E-G and Fig. A3 B, C). Regarding the composites, the agglomer-
ates were mostly still embedded in the epoxy polymer matrix (Fig. 4D).
The diameter of the released material was estimated in the nm range
(Fig. 4E, F). Protruding MWCNT fibres were visible and had a length of
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about 200 nm when measuring from the edge of the epoxy polymer
fragment.

3.1.2. Quantification of "*C-MWCNT

After all mechanical treatments and irradiation cycles
0.10 = 0.07% of the initially embedded RA in the composites was
released (Table 1A). From the non-irradiated control group
0.0045 * 0.0022% of the initially embedded RA was set free. The
intensity of mechanical stress increased over the three treatment steps
that both the weathered and non-irradiated were serially exposed to
(Table 1B). This resulted in a gradual enhancement of release of
MWCNT material during the complete conducted sequence.

After the first irradiation cycle and the mechanical step (tapping)
only a ca. 5- fold higher release of **C-labeled MWCNT from the plates
was measured than for non-irradiated samples (Table 1A). After the
second irradiation cycle and subsequent ‘shaking’ and ‘wiping’, this
significant difference was greater by a factor of 53 and 65. Hence, re-
lease of RA from + SSR plates after the second irradiation cycle during
all three mechanical steps was significantly higher (about 50 times)
than for -SSR, plates. Regarding the summed up release for each me-
chanical treatment step, the sum of released material after both ‘tap-
ping’ and ‘shaking’ steps was significantly higher for + SSRy,, plates
than for -SSRy, composites (3.8- and 29-fold). After all irradiation
cycles and mechanical procedures an amount of about 0.93 + 0.59 ug
1C-MWCNT have been released from +SSRy,, plates and
0.035 * 0.015 ug “*C-MWCNT from the control group (-SSRgym). Due
to high scattering of the data, the significance of this difference could
not be indicated.

Mass release after the first or second treatment series only (as the
sum of all three treatment steps after the first or second irradiation, in
ng) and total mass release after both treatment sequences (as the sum of
mass release after the first and second treatment series) were divided by
the surface area of the plate (in cm?). Calculating with a plate diameter
of 18.2 mm (surface of about 5.2 cm?), approximately 0.050, 0.015, and
0.067 mg MWCNT m ™2 were released from the non-irradiated samples
after the first and the second treatment series only and in sum after both
complete mechanical procedures, respectively. For +SSR plates it has
to be considered that only one side of the composite was irradiated so
that only 2.6 cm?® were subjected to SSR. In order to determine the
correct released amount caused by SSR only, the released low amount
from the control plates has to be subtracted from the released amount of
the +SSR plates. This resulted in a released absolute amount of about
0.723, 1.776, and 3.421 mg MWCNT m~ 2 by SSR only, after the first
and the second irradiation cycle and after the complete mechanical
treatment sequence, respectively.

3.2. Release in quartz sand-water systems

3.2.1. Electron microscopy of E/MWCNT surfaces and released material

The incubation of the composite in quartz sand led to significant
alterations of the surface, comparing the surface of one and three month
irradiated plates that were not placed in a quartz sand-water system
afterwards (Fig. 4C and Fig. 5A). All over the surface of the plate,
round- and fiber-shaped protruding structures were observed (Fig. 5A,
black arrows).

Regarding the released material polymer fragments containing fi-
lamentous structures as well as single strings and protruding fibres from
epoxy polymer were observed (Fig. 5B, C, white arrows). These struc-
tures indicated the presence of released MWCNT, since a comparison of
released material from epoxy composites without embedded MWCNT
(Fig. A3 B, C) and MWCNT containing plates (Fig. 5B) showed that the
shape of the released polymer fragments were similar, except the fiber
structures. The released fibres had a similar diameter (about 20 nm) as
the used MWCNT Baytubes®. In Fig. 5C MWCNT were found as free
strings, but were shorter with lengths of 200-500 nm than that classi-
fied by the producer (length of several pm). This possible destruction
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Fig. 4. A-G Scanning electron microscopy (SEM) images from the surface of non-irradiated epoxy/MWCNT (E/MWCNT) plates (A) and plates irradiated for 30 d (B)
and 60d (C). Fig. D shows the composite surface after 30 d irradiation and the first mechanical treatment series (tapping, shaking in water, and gentle wiping).
Transmission electron microscopy (TEM) images were obtained from released E/MWCNT fragments (D-F) and show protruding MWCNT from the polymer fragments
(E). This material was released during the water shaking process after the second irradiation cycle of 60 d. Black and white arrows highlight the most important found

structures.

may be caused by the long ultrasonication time of the MWCNT using a
microtip.

3.2.2. Quantification of 1*C-MWCNT

The cumulative released percentages of initially embedded RA per
E/'*C-MWCNT composite was always significantly higher (ca. 23-fold)
for +SSR plates than for -SSR composites (@ = 0.05) in quartz sand
(Fig. 6). The corresponding cumulative absolute amount of released
14C.MWCNT into quartz sand were 0.033 = 0.005ug and
0.838 + 0.228 g for non-irradiated and irradiated E-plates (data not
shown). It must be considered that 8.0 X 10™* + 1.9 x 107 %% of
embedded RA (7.3 + 1.8 ng) was released from + SSR nanocomposites
into the water phase after 42d (Fig. 6, triangles), resulting in a cu-
mulative released amount into the complete system (solid and aqueous
phase) of 0.845 + 0.230 ug *C-MWCNT and 0.0914 =+ 0.0215% of
initially embedded '*C-MWCNT. This means that 99.1 *+ 27.0% of
total released RA was found in quartz sand and only 0.9 *+ 0.2% in the

water phase. This was expected since the plates were placed into the
solid phase at the beginning of the experiment.

With an average diameter of 18.2mm for the E-plates, about
0.063 mg MWCNT m~ 2 and 3.123 mg MWCNT m ™~ were set free from
non-irradiated and irradiated composites into the complete quartz sand-
water system after 42 d, respectively, indicating a 49-fold stronger re-
lease of **C-MWCNT into the system due to SSR treatment, based on the
surface normalized values. It is important to mention, that cumulative
released % of RA is based on the mass of MWCNT, which are initially
embedded in the nanocomposites, whereas surface normalized values
are based on the (weathered) composite surface from which MWCNT
can be released. The higher factor of 49 using the surface normalized
values comes from the fact, that only one side of the plates was sub-
jected to SSR, which roughly doubles the factor calculated from the
MWCNT mass in the composite. Furthermore, for the +SSR plates over
93% of the released RA to the quartz sand fraction was already set free
after day 4, whereas only 69% of released RA to the sand phase was
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Fig. 5. A-C Scanning electron microscopy (SEM) images from the surface of an irradiated epoxy/MWCNT (E/MWCNT) plate (A) after shaking in quartz sand for 28 d.
The fragments (B-C) were analyzed by transmission electron microscopy (TEM). Black and white arrows highlight the most important found structures.
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Fig. 6. Released radioactivity (RA) from irradiated epoxy/**C-MWCNT (+ SSR
E/'*C-MWCNT) composites into quartz sand (filled dots) and water phase (half-
filled triangles). Non-irradiated plates (-SSR) as control group for quartz sand
release (open squares). All data are presented in percent of the initially em-
bedded RA per composite (%, n = 3) after 42d and as mean *+ standard de-
viation (whiskers). All quartz sand data points for +SSR E/**C-MWCNT plates
are significantly higher than data points of -SSR composites (a = 0.05).
Analysis of RA from + SSR plates into water phase was near the detection limit.
However, for -SSR treatment the amount of RA lied below the detection limit
(< 0.21 ng "*C-MWCNT).

released from -SSR plates at the same time point. All measured values
for RA in the water phase from -SSR plates were below the detection
limit (0.21 ng *C-MWCNT).

3.3. Uptake of released material by Lumbriculus variegatus

Multivariate ANOVA revealed a significant difference of the three
independent scenarios (RM, WA, SA) on the dependent compartments
(water, sand, faeces, worm after elimination) with a p-value of 0.011
(Fig. 7). For RM the complete released amount of *C-MWCNT in the
quartz sand-water system amounted to 0.37 + 0.27 ug, corresponding
to initially embedded RA of 0.038 + 0.026% (data not shown). These
release values were about 43% lower compared to release experiments
into quartz sand-water systems (0.85 * 0.23pug '*C-MWCNT). About
2.5 + 1.2% of released amount of *C-MWCNT were found in the
aqueous phase, corresponding to 9.3 = 4.4ng *C-MWCNT. The RA
was mainly found in quartz sand phase with about 93 * 1% (RM),
70 = 3% (WA), and 75 * 2% (SA). The recoveries of the initially
applied RA in WA and SA were 90 and 95%. For RM, no recovery could
be given, since the released RA from the nanocomposite was set up to
100%.

It was found that 66% of the material ingested by the black worms
in the RM scenario was eliminated again after 24 h, whereas it was 96%
and 75% for the WA and SA scenarios (Fig. 7). For all three scenarios a
biota-sediment accumulation factor (BSAF) could be estimated, only
considering the amounts of RA in the quartz sand phase. In the RM
scenario a BSAF of 0.020 = 0.010 was calculated, whereas it was
0.003 = 0.001 and 0.020 = 0.018 for WA and SA, respectively. These
BSAF were not significantly different from each other and thus all
scenarios indicated low bioaccumulation of released E/'*C-MWCNT



M.P. Hennig, et al.

Hl RV

EA WA [ SA

100+

Distribution of **C-MWCNT [%]

Fig. 7. Distribution of radiolabeled MWCNT (**C-MWCNT) in the quartz sand-
water system and uptake/elimination of RA by blackworm in three different
scenarios: released material fragments from irradiated epoxy/'*C-MWCNT
composites (RM, n = 3), water phase application of 14C-MWCNT WA, n=4)
and quartz sand application of "*C-MWCNT (SA, n = 4). In each scenario the
blackworm Lumbriculus variegatus was added for uptake experiments of RA. The
amount of **C-MWCNT was chosen with respect to the released RA from the
release experiments. Statistical analysis by a multivariate ANOVA showed a
significant difference of the three independent scenarios (RM, WA, SA) on the
dependent compartments (water, sand, faeces, worm after elimination) with a
p-value of 0.011 < 0.05.

fragments and **C-MWCNT.

4. Discussion
4.1. UV-degradation of E/MWCNT composite surfaces

The gradual uncovering of MWCNT agglomerate structures after
irradiation with SSR protruding from the surface of the nanocomposite
seem to be still covered by a layer of epoxy polymer (Fig. 4A-C), in-
dicating that the exposed irradiation dose does not cause a complete
decomposition of the uppermost epoxy layer. Thus, no free MWCNT
network was detected on the surface. Irradiation in this study corre-
sponds to natural sunlight irradiation periods of 4.3, 8.7, and in sum,
13.0 months, respectively, in Europe at 50° northern latitude
(Wohlleben et al., 2011a; Hirth et al., 2013). Many studies present UV-
degradation of different polymer materials, in which MWCNT were
incorporated, like polycarbonates, polyurethanes, epoxy resins, or
polyamides (Vilar et al., 2013; Rhiem et al., 2016; Wohlleben et al.,
2016; Koivisto et al., 2017; Neubauer et al., 2017; Nguyen et al., 2017).
Especially for E/MWCNT nanocomposites, several studies exist that
show a fast photo-degradation of the epoxy polymer and a formation of
a MWCNT network on the surface (Nguyen et al., 2009; Ging et al.,
2014; Kingston et al., 2014; Petersen et al., 2014). Nguyen et al. (2017)
reported rapid photo-degradation (295-400 nm) of amine-cured epoxy
resin in E/MWCNT (0.72% w/w) surfaces, which were additionally
exposed to a relative humidity of 75% at a temperature of 50 °C.
Comparing SEM pictures from the abovementioned studies, a similar
degradation pattern of epoxy resin on the surface in our study is ob-
servable, presenting a slow but gradual uncovering of MWCNT net-
works on the surface of the nanocomposite from low to high exposure
times. These networks concentrate and agglomerate on the exposed
composite surface. The epoxy decomposition by simulated sunlight in
this study is obviously not far proceeded, since mainly covered MWCNT
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agglomerates with a thin layer of epoxy resin were still visible, in
contrast to studies of Nguyen et al. (2017). It must be considered that
the irradiation intensities were different in that study and that the ad-
ditional weathering processes (humidity) may significantly enhance
epoxy degradation.

Comparing all UV-degradation studies with E/MWCNT nano-
composites, protruding MWCNT amounts on the composite surfaces
were independent from MWCNT loadings in the composites
(Schlagenhauf et al., 2015b). Schlagenhauf et al. (2015b) presented
similar results for surfaces of E/MWCNT (1% w/w), which were sub-
jected to UV-light (340 nm, 0.89 W/m?) for at most two months with a
relative humidity of < 5%. Smooth and rough ‘islands’ have been ob-
served on the exposed surface, indicating low and high UV-exposed
areas. Further microscopic images confirmed that the surface layer
above the smooth ‘islands’ was delaminated and that a loss of matrix
occurred. This resulted in fast deceleration of the epoxy surface de-
gradation by agglomeration of the much more UV-resistant MWCNT
network that finally remained on the composite surface forming a UV-
protecting layer (Nguyen et al., 2017).

4.2. Qualitative analysis of E/MWCNT composites after mechanical
treatment and within a quartz sand-water system

The TEM images of released E/MWCNT material after mechanical
treatment (Figs. 4 and 5) revealed loose polymer fragments in the range
of several hundred nm to um, containing MWCNT structures and free
MWCNT fibres protruding from the polymer matrix. It was clearly
visible that mechanical treatment and shaking in the quartz sand-water
system led to further decomposition of the epoxy layer of irradiated E/
MWCNT (Figs. 4D and 5A), as brighter spots and further protruding
MWCNT network appeared. However, even a second irradiation cycle
and a subsequent second treatment series did not remove the covering
epoxy layer on the surface. The surrounding polymer of the visualized
MWCNT structures appeared to be stable enough to hinder free release
of MWCNT (Fig. 4B, C). However, TEM results (Fig. 4E-G and Fig. 5B,
C) revealed that the UV-degraded epoxy top layer fragments seem to
delaminate from the exposed surface that contained a MWCNT network
as well as single MWCNT. The presence of water within the system and
the presence of tiny cracks in the surface of the plate, caused by UV-
irradiation, enhanced this peeling-off process. Furthermore, ions in the
aqueous phase would have an influence on the peel-off effect, de-
pending on their concentration and their type. In their presence, water
chemistry can be altered, especially in terms of pH or ionic strength.
Some ions can cause strong pH variations, which might destabilize the
already brittle and oxidized epoxy polymer surface and MWCNT. This
could enhance the breaking off of already loosely attached fragments
and hence lead to a stronger release. Quantitative results by Rhiem
et al. (2016) support this explanations. Higher aqueous ionic strength
could lead also to a re-arrangement of the uncovered MWCNT on the
composite surface. Systematic research on the influence of water
chemistry on polymer degradation is lacking.

These results are widely consistent with observations in many other
studies that examined the release of irradiated polymer/MWCNT na-
nocomposites after abrasion, sanding, and eventual weathering (Cena
and Peters, 2011; Hirth et al., 2013; Schlagenhauf et al., 2015a;
Schlagenhauf et al., 2015b; Neubauer et al., 2017; Wohlleben et al.,
2017). Gojny et al. (2005) suggested four possible fracture mechanisms
after mechanical treatment of E/MWCNT composites: (i) MWCNT can
be pulled out from the matrix due to weak interfacial adhesion, (ii)
ruptured from the surface through strong interfacial adhesion, (iii)
pulled out telescopically by stronger interfacial bonding than Van der
Waals forces between the tube layers, (iv) or finally can detach partially
from the interface via the formation of crack bridges. Hence, it seems
that the release of MWCNT material observed in the present study can
be compared to the release presented in sanding abrasion studies.
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4.3. Quantification of MWCNT from E/MWCNT after mechanical
treatment and within a quartz sand-water system

Manual mechanical treatment and treatment in a quartz sand-water
system after irradiation led to an increased release of loose and photo-
degraded matrix particles containing MWCNT with comparable
amounts (Table 1 and Fig. 6). Similar to the study of Rhiem et al.
(2016), ‘water shaking’ led to further release of polymer fragments
containing **C-MWCNT that were originally connected to the surface
matrix or to a free MWCNT network (Table 1A). The same phenomenon
seemed to have occurred in the test, in which the test plates were put in
a quartz sand-water system. It was assumed that sand particles slowly
abrade the attached loose fragments. The UV-irradiated surface layer,
which basically consisted of a MWCNT network with brittle epoxy
fragments containing MWCNT, was rapidly scratched off by the quartz
sand particles within a short time period. Released fragments were
mainly found back in the quartz sand, because the epoxy resin plates
were deliberately placed in the quartz sand at the beginning of the
experiment. Only a very small amount of RA was suspended in the
water phase. The energy for the abrasion of these loosely attached
epoxy fragments by quartz sand particles is mainly given by the slight
but constant movement of the systems (60 rpm); under station condi-
tions the released amount is expected to be much lower, since the direct
interaction between the sand particles and the weathered composite
surfaces is weaker. Furthermore, the density of epoxy resin is higher
than that of water (1.2 g cm ™ 3), resulting in a stay on the bottom of the
systems.

Wohlleben et al. (2013) suggest that moisture might be a significant
co-factor for a faster UV-decomposition of polymers. Rhiem et al.
(2016) applied similar mechanical stress to irradiated (1000 MJ/m?)
polycarbonate/**C-MWCNT composites and found that the released
fraction amounted to 1.1 * 0.1% of initially embedded '*C-MWCNT.
Hence, release rates were higher but still in the same range as in the
present study. Furthermore, similar MWCNT amounts as found by
Rhiem et al. (2016) were detected after sample tapping
(0.0010 + 0.0011% of embedded '*C-MWCNT), but more material
was observed to be released after water shaking for 21d
(0.19 + 0.12% of embedded '*C-MWCNT) followed by tissue wiping
(0.30 + 0.11% of embedded **C-MWCNT). It must be mentioned that
Rhiem et al. (2016) produced polycarbonate nanocomposites with a
higher loading of MWCNT (1% w/w) and subjected the plates to a
higher irradiation dose. Studies revealed, that the rapid epoxy polymer
degradation led to an uncovering of the free MWCNT network, which
caused the epoxy layer below to be shielded against further photo-
degradation (Hirth et al., 2013; Rhiem et al., 2016; Wohlleben et al.,
2017).

A total amount of 3 mg MWCNT m ™2 was set free from + SSR plates
after applying both manual and environmental mechanical stressors.
Assuming that UV-radiation (300-400 nm) was the main factor for
epoxy decomposition on the composite surface and considering a yearly
sunlight dose in the wavelength range 300-400nm of
360 MJm ~2year ! in Europe (Hirth et al., 2013), our determined re-
lease rate would correspond to about 3 mg MWCNT m ™~ 2?year ™ '. This
result corresponds to determined slightly higher release rates in other
studies (Wohlleben et al., 2011a; Hirth et al., 2013; Rhiem et al., 2016).
The difference might depend on the degradation behaviour of the
various used polymer materials, the MWCNT loading, and experimental
conditions such as irradiation under dry vs. humid conditions.

4.4. Bioaccumulation of released material in aquatic organisms

Recalculating the release rates obtained from the results of the
present study, concentrations of 300 ng **C-MWCNT L~ ! in the water
phase (Fig. 6) and 105 ug *C-MWCNT kg~ ! in the quartz sand com-
partment (Fig. 6) were found. In several studies environmental con-
centrations of MWCNT were predicted in surface waters and sediments
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by a probabilistic material-flow model and were estimated in the ng
L' and the ug kg~ range, respectively (Gottschalk et al., 2013a; Sun
et al., 2014; Sun et al., 2016). For example, Sun et al. (2016) calculated
a predicted concentration of 0.97 ng MWCNT L~ in surface waters and
19.7 uyg MWCNT kg~ ' for the distribution to sediments for 2020.
Hence, comparable but higher values are presented here after appli-
cation of drastic mechanical stress to MWCNT composites.

Disposal of plastic debris attracted a high level of public attention
during the last decades (Derraik, 2002; Thompson et al., 2009). In
2010, 275 megatons of land-borne plastic waste were produced, of
which about 13 megatons are expected to end up in fresh water, oceans,
and seas (Lechner et al., 2014; Jambeck et al., 2015; Ivleva et al., 2017).
Degradation processes by photolysis, thermal energy and microbial
activity, or mechanical decomposition by abrasion in sediments or soils
are expected to lead to the formation of tiny plastic fragments, so-called
micro- (< 5mm) and nano- (< 1 um) plastics (Thompson et al., 2004;
Barnes et al., 2009; Andrady, 2011; Gigault et al., 2018). The released
material from E/MWCNT nanocomposites in this study share a similar
environmental fate as such plastic fragments.

Considering the transfer of E/MWCNT fragments from quartz sand
into the aqueous phase, about 9 ng MWCNT were found in the presence
of blackworms (Lumbriculus variegatus) compared to the study without
blackworms (about 7 ng, Figs. 6 and 7), probably due to bioturbation of
the blackworms causing a whirling up of released material when
searching for food. Irradiated E/MWCNT plates in the RM-scenario
were placed in the quartz sand phase at the beginning of the experiment
and were not mechanically disturbed by taking them out, whereas in
the release study the plates were carefully transferred into new vessels
at each sampling time. These disturbances may have caused an addi-
tional scratching of the plates and this might be the reason why about
twice the amount of RA was set free in the bioaccumulation study
compared to the release studies without blackworm (840 ng vs. 370 ng
MWCNT). However, an environmental realistic scenario for the main
release process by solid particle abrasion from nanocomposites and
uptake of this material could be investigated in this study.

Although all three scenarios (RM, WA, SA) were shown to be sig-
nificantly different to each other, the RA distribution, between quartz
sand, water, worm and faeces was similar (Fig. 7), especially for WA
and SA. This can be explained by the low dispersibility and dispersion
stability of MWCNT in aqueous media. Once MWCNT are dispersed in
an aqueous phase, they rapidly form aggregates due to their hydro-
phobic nature (Glomstad et al., 2018). This agglomeration behaviour
subsequently leads to a rapid deposition of MWCNT on the bottom of a
water body. Several studies report about limited mobility of CNT in
aquatic systems after agglomeration, leading to a ultimate deposition of
the material in sediments that serve as a long-term sink (Gottschalk
et al., 2013b; Schierz et al., 2014; Sun et al., 2016).

In all three scenarios studied, most of the incorporated material
after uptake was excreted by the blackworms within 24 h, and hence,
very low BSAF of at most 0.020 + 0.018 were obtained in each case.
These results correspond to those of other studies in which the uptake of
MWCNT and micro- or nanoplastics by several aquatic and terrestrial
organisms were examined. Petersen et al. (2008b) found low BSAF for
SWCNT and MWCNT artificially spiked to sediments, amounting to
0.28 + 0.03 and 0.40 + 0.10 after 28 days of exposure of Lumbriculus
variegatus, respectively. Low bioaccumulation factors (BAF) for SWCNT
and MWCNT were also determined for many other aquatic and terres-
trial organisms like algae, planktonic crustacea, oligochaetes, and fish
(Petersen et al., 2008b, a; Petersen et al., 2009; Maes et al., 2014;
Rhiem et al., 2015). Consequently, little or no absorption of these
materials from the gut tract to other tissues is expected (Bjorkland et al.,
2017).

As sediments act as sinks for high-density micro- and nanoplastics,
benthic organisms are exposed to a larger extent than pelagic organ-
isms. Redondo-Hasselerharm et al. (2018) figured out that the sedi-
ment-dwelling blackworm Lumbriculus variegatus is able to ingest
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polystyrene microplastic particles (20-500 pm) from sediment; corre-
sponding results were obtained by others (Wright et al., 2013; Chua
et al., 2014; Setala et al., 2014; Rhiem et al., 2015). This could also be
confirmed in the present study, in which uptake and depuration of
epoxy polymer fragments containing radiolabeled MWCNT by the
blackworm was shown.

Ingested microplastic particles might be trophically transferred to
primary producers and finally reach secondary consumers in marine
and freshwater systems (Farrell and Nelson, 2013; Setala et al., 2014;
Watts et al., 2014; Batel et al., 2016). For example, Cedervall et al.
(2012) showed that 25 nm nano-polystyrene particles were transferred
through an aquatic food chain consisting of Desmodesmus sp., Daphnia
magna, and Carassius carassius, which influenced the lipid metabolism
and behaviour of the fish. However, so far no bioaccumulation into
lipid tissues or biomagnification of microplastics was observed (Duis
and Coors, 2016). Several publications present adverse sublethal effects
on aquatic organisms caused by micro- and nanoplastics, like algae,
crustacea, annelida, or fish (Casado et al., 2013; Rochman et al., 2013;
Wright et al., 2013; Rochman et al., 2014; Besseling et al., 2017a;
Hurley et al., 2017). These effects seem to occur mainly due to ingestion
of microplastics resulting in reduced uptake of food, which might then
lead to the lower availability of energy reserves causing associated ef-
fects on physiological functions.

Also acute toxic effects of MWCNT for aquatic organisms were re-
ported (Schwab et al., 2011; da Rocha et al., 2013; Cimbaluk et al.,
2018). Oxidative stress, membrane disruption, and genotoxicity due to
DNA damage can be counted to the main toxicity mechanisms asso-
ciated with MWCNT (Farre et al., 2009). All effects caused by MWCNT
and micro- and nanoplastic occurred at concentrations in the mgL ™" or
gkg ™! range, which is about six orders of magnitude higher than the
predicted environmental concentrations in surface waters (ng LY and
sediments (pgkg_l) (Gottschalk et al., 2013b; Jackson et al., 2013;
Koelmans et al., 2015). Taking these facts into consideration it appears
to be important to perform more research with long-term exposure
using different endpoints at environmentally relevant concentrations of
such materials.

5. Conclusion

We showed that micro- and nano-sized plastic material containing
MWCNT released under realistic environmental conditions was in-
gested and egested by the blackworm Lumbriculus variegatus. More than
2000 tons of MWCNT per year are expected be synthesized in the fu-
ture. Considering the amount of applications of MWCNT nanocompo-
sites, approximately 90% (1800 tons) of the produced MWCNT are then
embedded as nanofillers in plastic products and will probably be dis-
posed after use. Calculating with the produced amount of plastic pro-
ducts of in 2010 (275 megatons), a proportion of only 0.0007% would
belong to MWCNT nanocomposite products produced in one year.
Although the amount is low compared to other bulk products, further
studies for a proper environmental risk assessment of such materials in
view of increasing production rates of MWCNT and plastic products is
definitely necessary.
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