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ABSTRACT

Weathering processes can influence the surface properties of composites with incorporated
nanoparticles. These changes may affect the release behavior of nanoparticles when an
abrasion process is applied. Therefore, the influence of two different weathering processes,
immersion in water and exposure to UV light, on the properties of abraded particles from a
carbon nanotube (CNT)/epoxy nanocomposite was investigated. The investigation included
the measurement of the weathering impact on the surface chemistry of the exposed samples,
the particle size of abraded particles, the quantity of exposed CNTs in the respirable part of
the abraded particles, and the toxicity of abraded particles, measured by in vitro toxicity tests

using the THP-1 monocyte-derived macrophages.

The results showed that weathering by immersion in water had no influence on the properties
of abraded particles. The exposure to UV light caused a degradation of the epoxy on the
surface, followed by delamination of an approx. 2.5 pm thick layer. An increased quantity of
exposed CNTs in abraded particles was not found; on the contrary, longer exposure times
decreased the released fraction of CNTs from 0.6 % to 0.4 %. The toxicity tests revealed that
abraded particles from the nanocomposites did not induce additional acute cytotoxic effects

compared to particles from the neat epoxy.
1. INTRODUCTION

Embedding carbon nanotubes (CNTs) in polymers can enhance the material performance.
They influence the mechanical properties (e.g. higher modulus, higher fracture toughness,
higher abrasion and wear resistance) ', can reduce the permeability *, or can lower the
flammability >°. Further, additional properties are added to the polymer such as the electrical

and the thermal conductivity "*. Nowadays, CNT nanocomposites are already used for several
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applications in different industries, e.g. automotive, acrospace, defense, electronics, energy,

and sporting goods °.

Because of the high aspect ratio and biopersistent nature of CNTs, concerns have been raised
that CNT composites can pose a risk to producers and consumers if the CNTs are released
into the environment '°"*. The potential for a release of CNTs from nanocomposites, either by
abrasion, weathering, or fire, has already been investigated in several studies 4 When an
abrasion process is applied, the release of CNTs mainly depends on the used material '°, the
quantity of added CNTs ' or on the distribution of the CNTs ''®. From weathering
processes, i.e. immersion in water, exposure to UV light, or heat, no release of CNTs has been

detected so far.

UV weathering experiments have shown that a degradation of the polymer surface can cause
the release of silica nanoparticles from nanocomposites'’. When CNTs were used as the filler
material, a network of CNTs was generated on the surface. This network was relatively stable
and the CNTs could only be released when strong shearing forces were applied *°. Another
weathering process is the uptake of water caused by high relative humidity (RH) or by
immersion in liquids. The diffusion of water into the polymer matrix can cause permanent *'*2

or reversible ** changes in the material properties. The release of CNTs from water weakened

composites was not investigated yet, neither by leaching ° nor by abrasion processes.

There are numerous in vitro and in vivo studies demonstrating that CNTs, particularly long
multi-walled CNTs (MWCNTs), elicit various adverse effects ranging from frustrated
phagocytosis to fibrosis and neo-plastic-like transformation **2°. Apparently, the toxicity
depends strongly on the physicochemical properties of CNTs such as their length, rigidity and
biopersistence. Considering the controversial discussion about the potential toxicity of CNTs,
it is important to understand if abraded particles from CNT composites exhibit any of these

potential adverse effects. In addition, weathering of CNT composites may lead to the release
3
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of abraded particles with different properties as compared to non-aged nanocomposites,
possibly inducing distinct cellular responses. The current knowledge on the toxicity of
abraded particles from CNT composites is relatively sparse 18.2732 ¢ appears that all toxic
effects observed so far were predominantly from the matrix material, and abraded particles
from CNT containing composites did not show any additional toxicity as compared to

particles from neat matrix samples.

The absence of additional toxicity effect is related to the low concentration of exposed CNTs
in the abraded particles. After weathering, the amount of released CNTs can be changed due
to exposure of CNTs on the surface by UV light and/or weakening of the matrix. No results

have been published on abrasion of weathered samples.

Here we report the first study on the impact of weathering on the properties of abraded
particles from a MWCNT/epoxy nanocomposite, e.g. on the particle size, the release of free
standing MWCNTs, the quantity of exposed MWCNTs, and the toxicity. For the investigated
nanocomposite no release of free standing MWCNTSs was detected when the untreated sample
was abraded '®. Two different weathering processes were mimicked, immersion in a water
bath and exposure to UV light. For immersion in water, the kinetics of the water uptake was
determined. The surface degradation of the samples was characterized by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and by imaging of the
topography. Further, the particle size distribution and the microstructure of abraded particles
were investigated after usage of the Taber Abraser, a widely used device to simulate sanding
processes with its own international standards (e.g., ISO 7784-2:1997 and ASTM G195-08).
The quantity of exposed CNTs, i.e. protruding and free standing CNTs, in the respirable part
(particulate matter below 1 um or PM,) of the abraded particles was determined and the
toxicity of abraded particles, including the possible co-released CNTs and their catalysts,

from weathered samples was measured with in vitro cell tests by mimicking a single-dose

4
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inhalation scenario using the THP-1 monocyte-derived macrophages; both methods are

described in another study '®.
2. MATERIALS & METHODS
2.1 SAMPLE PREPARATION

MWCNTs (Baytubes, C150p; length 1 — 10 um) were supplied by Bayer Material Science
AG (Characteristic properties of the Baytubes from the manufacturer ** and our previous

studies 8333

are presented in Table S.1 in the supplemental information SI). The used epoxy
resin was Araldite GY 250 (Huntsman, USA) based on bisphenol A. The curing agent was the
polytheramine Jeffamine D-230 (Huntsman, USA) and the resin/hardener ratio was 100:32.
For sample preparation, the MWCNTSs were dispersed in the epoxy resin first for 30 min by
ultrasonication and then by three-roll milling (SDY?200, Biihler AG, Switzerland) at 30 °C
and at a gap pressure of 1 MPa. The milling process was applied three times. After mixing
with the curing agent, the composite was cured at 80 °C for 12 h, followed by post curing at
120 °C for 4 h. Characterization of the CNTs after dispersion in epoxy was performed in
previous studies '. The CNT length distribution following the three-roll milling was found to
be 0.7 + 0.2 pum, indicating that the CNTs were chopped and shortened compared to the neat
CNTs. Microscopic measurement confirmed good CNT dispersion in epoxy before curing.

During the curing process some re-agglomeration occurred due to the higher mobility of

CNTs at elevated temperatures.

Samples with various sizes were used in the experiments. For the investigation of the water
uptake and the changes on the surface, samples were cut into pieces of

30 mm x 30 mm X 4 mm; the samples for weathering then abrasion experiments had a size of
100 mm X 85 mm % 4 mm. Three different kinds of samples were prepared, with 0 wt%,

0.1 wt%, or 1 wt% of MWCNTs. For the CNT-epoxy system, previous studies ' showed the
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mechanical properties were significantly improved when the added MWCNT concentration
was < 1 wt%. Further increase of the MWCNT concentration only slightly improved the
properties if at all. It was also observed that strong agglomeration occurred at >5% CNT
content and concomitantly the mechanical properties degraded. Therefore we used the optimal
concentration of around one percent. Such CNT filler concentrations are also common in

commercial products (e.g. ZNT-boost, Zyvex ) and for research '*2"%".

2.2 WEATHERING EXPERIMENTS

Prior to the water uptake experiment, the samples were cleaned by ethanol and dried under
vacuum in a furnace at 40 °C for seven days. The samples were immersed in de-ionized water
and the weight gain was determined by periodical weighing of the samples. Six samples per
data point were measured and three different temperatures were investigated, 50 °C, 70 °C,

and 90 °C. Samples for abrasion experiments were immersed in water at 70 °C for 1000 h.

The exposure to UV light was carried out in an accelerated weathering tester (QUV, Q-Lab
Corporation, Cleveland, OH), equipped with a UVA-340 lamp (0.89 W/m? at 340 nm). This
corresponds approx. to the light intensity in Florida at noon. The temperature was set to 60 °C
and the RH was kept below 5 %. The samples were exposed to the UV light for five different

durations, 200 h, 500 h, 750 h, 1000 h, and 1500 h.
2.3 CHARACTERIZATION OF WEATHERING IMPACTS
2.3.1 WATER UPTAKE

The relative weight increase of the water bath samples was calculated with Eq. 1,

W, — W,
M, (%) = tTO 100% (1)
0
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where M, is the relative weight increase, W, the weight of the sample before immersion in the
water bath, and /¥, the weight of the sample at immersion time ¢. To determine the diffusion

constant, the water uptake curves were fitted according to Liu et al. 3839 with Fick's law

(Eq. 2)

M _ |, i 8 —Dr(2n + 1)’w’t]|
My s 2n + 1)°m? “xp 472 @
n=

where M, is the maximum relative water uptake, D the diffusion coefficient of the specific
temperature, and [ is the sample thickness. The activation energy was obtained by fitting the

diffusion coefficients of different temperatures with the Arrhenius equation (Eq. 3)

D = Dy -exp (—%) 3)

where D is the diffusion constant, E,; the activation energy, R the gas constant, and T the

temperature.
2.3.2 SURFACE TOPOGRAPHY AND CHEMISTRY

The topography of the samples was imaged by scanning electron microscopy (SEM) (Nova
NanoSEM 230, FEI, Hillsboro, OR) and by atomic force microscopy (AFM) (Mobile S
equipped with the large scan head, Nanosurf, Liestal, Switzerland). The impact on the
weathering processes on the surface chemistry was investigated by ATR-FTIR (Hyperion
2000, Bruker, Billerica, MA). On each sample, four measurements were carried out and
averaged. The measured absorbance of the ATR-FTIR signal depends on the sample surface
roughness, especially for samples with cracked surfaces, which leads to a large uncertainty.
An example of the location specific measurement result is shown in the SI in Fig. S.1 for two
absorbance peaks on a cracked sample after exposure to UV light for 1500 h. Due to the

cracks, the measured contour plots for different absorbance peaks are highly non-uniform.

7
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Therefore, on cracked samples, only flat surfaces between the cracks were measured by ATR-
FTIR even though the measurements do not represent an average chemical distribution of the

whole surface.
2.4 ABRASION EXPERIMENTS
2.4.1 PARTICLE SIZE DISTRIBUTION OF ABRADED PARTICLES

For the simulation of a sanding or abrasion process, the same set-up was used as described by
Schlagenhauf et al. 15 The particle generation was carried out with the Taber Abraser (Model
5135, Taber, North Tonawanda, NY), equipped with the abrasive wheel H-18 (Taber) and
0.75 kg of weight was applied at 60 rpm. The particles were collected through an inlet,
mounted on a tube. The air flow was generated with a pump (N816.1.2KN.18, KNF,
Germany) and between the Taber Abraser and the pump, either an aerodynamic particle sizer
(APS) (Model 3321, TSI, Shoreview, MN) or a scanning mobility particle sizer (SMPS),
consisting of a differential mobility analyzer (DMA) equipped with a long DMA column
(Model 3080, TSI) and a condensation particle counter (CPC) (Model 3775, TSI), were used
to measure the particle size distribution. For imaging, particles were collected on a copper
grid with a nanometer aerosol sampler (NAS, modle 3089, TSI) and measured with a

transmission electron microscope (TEM, CM30, Philipps, Netherlands).

In order to differentiate particles from the weathered surface and from the unaffected bulk of
the samples, the sampling time for one measurement was set to 20 s for both APS and SMPS,
and each sample was abraded for 10 min. The first measured particle size distribution of each
sample was assumed to represent surface particles and an average of the last ten particle size

distributions represented the particles from the bulk sample. For each measurement, three

samples were used and averaged.

2.4.2 QUANTIFICATION OF EXPOSED MWCNTS

8
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The quantity of exposed MWCNTs in the PM; fraction of the abraded particles was measured
according to the method by Schlagenhauf et al. '* and with manganese ions (Mn®"), released
by catalyst particles, as indicators for MWCNTs. For each sample, approx. 50 mg of material
was abraded (on average approx. 5 um of the surface), and PM; particles were collected on
Nuclepore track-etch membrane filters (111106, pore size 0.2 pum, Whatman, UK). Particles
with aerodynamic diameters above 1 pm were removed by the usage of two cyclones
(1031083R, TSI, USA; URG-2000-30EQ, URG, USA; D5y=0.9 um). The filters were
immersed in a 0.1 M HNOjs solution (Suprapure Nitric acid 65 %, Merck KGaA, Germany),
sonicated for 30 min, and rested for another 30 min. Afterwards, the abraded particles were
separated from the solution by centrifuge filtration (Amicon Ultra-4 30kDa, Merck Millipore,
Billerica, MA) and the concentration of Mn?" was determined by inductively coupled plasma
mass spectrometry (ICP-MS) (Elan 6000, Perkin Elmer, Waltham, MA). For each
measurement, five samples were tested and averaged. The quantity of exposed MWCNTs

(Xmwent) was determined with Eq. 4

my
XMWCNT(%) =—"-100% (4‘)
my

where m; is the collected mass of Mn®" and m,, is the maximal collectable mass of Mn”",
computed from the known amount of MWCNTs in the abraded sample mass and the release

of Mn*" from pure MWCNTs (2.82 pg of Mn** for I mg of MWCNTs).
2.5 TOXICITY EXPERIMENTS
2.5.1 PARTICLE COLLECTION

The particles for the toxicity tests were generated by abrasion and the usage of the Taber

Abrader with the same settings as described in section 2.4.1. The abraded particles then were
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collected on Nuclepore track-etch membrane filters without a separation of PM; and larger

particles.
2.5.2 CELL CULTURE AND CELL TREATMENT

The human acute monocytic leukemia cell line THP-1 (ATCC: TIP-202) was maintained in
RPMI-1640 medium (Sigma-Aldrich) supplemented with 10 % FCS (Lonza), 0.2 mg/ml L-
glutamine (Gibco), and 1 % penicillin-streptomycin-neomycin (PSN) (Gibco). Cells were
grown at 37 °C in a 5 % CO, atmosphere, and were sub cultured twice a week. Before each
assay, THP-1 monocytes were differentiated into macrophages by adding 200 nM phorbol 12-
myristate 13-acetate (PMA) (Fluka) for 3 days. To reasonably disperse abrasion particles,
they were suspended in Millipore water containing 0.016 % Pluronic F127 (Sigma) to a final
stock solution of 250 pg/ml. The particle suspensions were sonicated in an ultrasonic bath
(Bandelin Sonorex Super RK 156 BH) for 10 min and immediately diluted with cell culture

medium prior to the experiments.
2.5.3 ANALYSIS OF CELL VIABILITY/ACTIVITY (MTS ASSAY)

Cell viability was determined using the CellTiter96 Aqueous One Solution (Promega)
containing MTS as the tetrazolium compound according to the manufacturer’s instructions. 4
x 10* THP-1 cells were seeded in 200 pl of complete cell culture medium per well of a

96 well plate and grown for 3 days in the presence of 200 nM PMA. Differentiated monocytes
were then treated with 200 pl per well of different abrasion particles or the positive control
CdSO; at the indicated concentrations for 3 or 24 h. The medium containing particles or
CdSO4 was removed and 120 pl of MTS working solution was added for 60 min at 37 °C and
5 % COs. Optical density was then measured at 490 nm in an EL800 microplate reader
(BioTEK Instru-ments). OD(490) values were blank-corrected and normalized to untreated

samples.

10



Page 11 of 33

223

224
225
226
227
228
229
230
231
232
233
234
235

236

237

238

239

240
241
242

243

244

245

Nanoscale

2.5.4 DETECTION OF REACTIVE OXYGEN SPECIES (DCF ASSAY)

The formation of intracellular reactive oxygen species (ROS) was determined using the di-
chlorofluorescein (DCF) assay, measuring the conversion of H,DCF (2°,7°-
dichlodihydrofluorescein, Molecular Probes) to fluorescent DCF by ROS. Briefly, 4 x 10*
THP-1 cells were seeded per well of a 96 well plate in a volume of 200 ul and grown for

3 days in the presence of 200 nM PMA. Thereafter, the medium was replaced by 100 ul of
50 uM H,DCFDA in Hank’s buffered salt solution (HBSS) and cells were incubated for

60 min at 37 °C and 5 % CO,. After washing with prewarmed HBSS, cells were exposed to
100 pl of the indicated particle concentrations. The nitrite oxide donor 3-
morpholinosydnonimine (Sin-1, Sigma-Aldrich) was used as a positive control. Fluorescent
intensities were measured after 2 h using a FLX800 fluorescence microplate reader (BioTEK
Instruments, Winooski, VT) at an excitation wavelength of 485 nm and an emission
wavelength of 528 nm. Fluorescence values were blank-corrected and normalized to untreated

controls.
2.6 Statistical analysis

The significance of difference between different datasets was measured with F-tests by usage

of one-way analysis of variance (ANOVA) (OriginPro 8, OriginLab Corporation, USA).

The toxicity data are shown as mean + standard error of the mean (StEM) from at least three
independent experiments. Statistical significance was determined using a two-tailed Student's
t test (Microsoft Excel, Microsoft Corporation, USA). A p-value below 0.05 was considered

to be statistically significant.
3. RESULTS AND DISCUSSION

3.1 WATER UPTAKE KINETICS

11
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The weight increase of the water bath samples is shown in Fig. 1(a). The sample with 0.1 wt%
MWCNTs showed the fastest uptake of water under all three temperature conditions, although
the maximum uptake values of the two nanocomposites could not be statistically
differentiated. Further, both nanocomposites had a higher uptake capacity than the neat epoxy.
Independent of the temperature, they had a maximum weight increase of 3.2 %, while the

epoxy showed a significantly lower weight increase of 2.9 % (p<0.005 for the 70 °C samples).

The different water uptake equilibriums of the neat epoxy and the composites can be
explained by a change of the available free volume and the number of open hydrogen bonds 40
in the epoxy matrix. The free volume is the volume of the bulk material that is not actually
occupied by the polymer molecules themselves *'. Due to the incorporation of MWCNTS, the
free volume of the epoxy could have been changed by the creation of additional voids in
MWCNT agglomerates and in the interfacial regions between MWCNTs and the epoxy.
Further, it is known, that CNTs can influence the curing behavior of the epoxy 2 and thus
lead to a change in the molecular packing and segmental mobility that influences the free
volume directly. Since the amount of added MWCNTs has no notable influence on the
equilibrium water uptake in the present study, we hypothesize that the obtained results could

be caused by a change in the curing behavior.

The calculated diffusion coefficients and activation energies were compared to reference data,
obtained from studies with different epoxy systems, and are shown in Fig. 1(b) and Fig. 1(c).
As indicated by the uptake rates in Fig. 1(a), the sample with 0.1 wt% shows the highest
diffusion coefficients while the other two samples show similar results. The activation energy
of the 1 wt% sample is significant smaller than for the other samples, but this result can be
caused by the low number of fitted points in Fig. 1(b). The measured diffusion coefficients
and activation energies of all samples lie in the upper part of the ranges reported by other

studies, indicating that the used epoxy was comparable with other epoxy systems.

12
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The diffusion coefficient is mainly influenced by the free volume *’, but when a nanofiller is
added to a polymer, the filler also can act as a diffusion barrier 4 The testing results indicate
that the sample with 0.1 wt% shows a higher diffusion coefficient than the neat epoxy due to
the increased free volume, proven by the higher equilibrium water uptake, and also a higher

diffusion coefficient than the 1 wt% sample due to the lower diffusion barrier.

The studies in the literature show conflicting results regarding the effects of the CNT addition
on the water uptake compared to the epoxy matrix; the values of the equilibrium weight gain
and diffusion coefficient could increase or decrease™ 4"+ 44 (See Table S.2 in the SI for a
summary of the results). It seems the effect depends on the specific system and no general

trend is observed.
3.2 WEATHERING IMPACT ON THE SAMPLE SURFACE
3.2.1 SURFACE CHEMISTRY

The surface chemistry and its changes due to weathering have been characterized by ATR-
FTIR, the results of the samples with 1 wt% MWCNTSs, compared to an untreated sample, are
shown in Fig. 2(a). The same spectrum with the results of the neat epoxy can be found in the
SI (Fig. S.2). Both samples in Fig. 2(a) underwent the weathering process for 1000 h and the
figures include dashed lines that mark the identified peaks, given in Table S.3. Both presented
weathering processes were conducted at elevated temperatures. To identify temperature
effects on the surface chemistry, also weathering at elevated temperatures, low RH, and no

light was carried out, presented in the SI in Section 4.

For all ATR-FTIR measurements, no difference between the neat epoxy samples and the
composite, undergoing the same weathering treatment, was measured, but the weathering
treatments had different impacts on the results. Immersion in a water bath at 70 °C had no

effect on the surface chemistry. The exposure to UV light induced changes for all detected

13
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peaks. In the range between 1850 cm™ and 1500 cm™, a new peak was formed that mainly
consisted of a combination of two peaks at 1735 cm™ and at 1650 cm™, that can be assigned
to carbonyl groups. The formation of this peak has been detected also in other publications 4
*_ At 827 cm™, the absorbance of the aromatic C-H out of plane vibration decreased
significantly by the exposure to the UV light. For a proper comparison of the neat epoxy and
the nanocomposite, a plot with the differences between the measured graphs would be useful,
as presented by Petersen ez al.*’. But normalization with a reference peak for the present
samples was not possible because the UV degradation caused an intensity alteration for all

measured absorbance peaks.

To show the impact of the exposure time of UV light on the surface chemistry, an ATR-FTIR
time series is shown in Fig. 2(b) for the neat epoxy samples and the 1 wt% MWCNT/epoxy
nanocomposites. A closer look at the region between 1800 cm™ and 1550 cm™ reveals that
between 500 h and 1000 h a quasi-stable state of the surface chemistry was reached. For both
samples, a change of the surface chemistry can be noticed for the samples with an exposure
time of 1500 h where a lower degree of degradation is measured compared to the 1000 h

sample, which was attributed to surface fall-off detailed in the next section.
3.2.2 TOPOGRAPHY CHANGE

The topography changes, caused by the weathering processes, were examined with SEM and
AFM. For the water bath samples, no changes of the surface topography were detected, as
shown in Fig. 3(a). For the UV light samples, visible cracks on the sample surface were
formed between 750 h and 1000 h of exposure time for both samples, the neat epoxy and the
1 wt% MWCNT/epoxy nanocomposite. After 1500 h exposure to UV light, the samples were
crisscrossed by many micro cracks as shown in Fig. 3(b). Besides the cracks, it is also visible
that the samples had regions with a relatively flat surface, speckled by islands with a rough

surface, as shown in Fig. 3(b) and Fig. 3(c). The islands were also characterized by AFM
14
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(Fig. 3(d)), the measured island step sizes ranged between 2.25 pm and 2.85 um. In addition
to the changes in the micrometer range, the UV light exposure also damaged the surface at the
nano scale, shown in Fig. 3(e). After 1000 h of degradation, cavities appeared on the surface.
No MWCNTs were detected on the surfaces after all exposure durations, neither by SEM nor

by AFM.

While the water bath samples did not show any measurable effects from the weathering
process, the exposure to UV light caused changes in the surface chemistry, measured by
ATR-FTIR, and in the topography, measured with SEM and AFM. Despite the measured
degradation, no MWCNTs were detected on the surface of the samples. This can be explained
first by the applied energy dose of the UV light which was lower compared to other studies
32,49

, and secondly by a delamination of the top surface layer implied by the results of the

ATR-FTIR and the topography measurements.

The results of the SEM and AFM imaging showed that islands remained on the surface after
the exposure to UV light for 1500 h. The rough surface of the islands, shown in Fig. 3(c),
indicated that they were exposed to the UV light for a longer time than the smooth
surroundings and it can be inferred that the surface layer above the smooth surface fell off
after a certain exposure time. This result is corroborated by the time series of the ATR-FTIR
measurements in Fig. 2(b). Between the exposure to 1000 and 1500 h, a decrease of the
surface degradation was observed, indicating that between those two measurements a large

part of the surface was delaminated and removed from the sample.

The UV light degrades the polymer and may lead to loss of the matrix material on the surface,
thus exposing CNTs and leaving an apparent CNT network on the degraded surface %347
* In our case, it seemed the surface delamination and fall-off happened before the MWCNTs

were exposed on the surface, thus reducing the possibility of release of free standing

MWCNTs into the environment. This result is different from former studies where the
15
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formation of CNT networks was observed 2”344 A comparison of the weathering

conditions for the compared studies is given in Table 1.

The differences among the studies are the used matrix material, the sample thickness, the
CNT load, the applied RH, and the temperature during the UV light exposure. The influence
of the matrix material can be excluded as most studies were conducted with epoxy
composites, also the CNT load seems to play a minor role as CNT networks were observed
for different samples with CNT loads from 0.72 wt% to 3.5%. The thickness of the used
samples in this study is much larger than those in similar studies. During the degradation
process by UV light, only a thin surface layer is degrading and shrinking while the bulk
remains unaffected. This situation induces stress on the surface leading to cracks. It can be
hypothesized that due to the larger sample thickness, the samples in this study provided
stronger resistance to the deformation on the surface which resulted in larger stress and more
cracks. Another factor that could have contributed to the delamination of the surface layer is
the applied humidity during the UV exposure. Compared to the other studies with epoxy
composites, the used RH in this study was low, causing a low content of adsorbed water in the
samples. It already has been shown by several studies, that the absorption of water in epoxy
can cause a decrease of the glass transition temperature T, of 25 to 30°C to values below the

21, 50, 51

applied temperatures during the UV exposure experiments . Therefore the epoxy

matrix in those studies could have been less brittle than our samples. Due to the lower
stiffness, less stress would be induced on the surface and the polymer could reduce the stress

by relaxation processes.
3.3 IMPACT OF WEATHERING ON THE PARTICLE RELEASE

3.3.1 ABRASION OF WEATHERED SAMPLES

16
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The particle size distributions of abraded particles from neat epoxy and 1 wt% MWCNT
samples that underwent different weathering treatments were determined. Each sample
showed three particle size modes. Mode 1 was measured in the nano range by SMPS and
mode 2 & 3 in the micro range by APS. The peak maxima of all measured distributions are

given in the SI in Table S.4.

The particle size distributions from the SMPS measurements are shown in Fig. 4(a). In the
nano range, no difference between the particles from the surface and the bulk was detected.
Also the difference between the neat epoxy and the nanocomposite samples was small and lay
within the measurement error. The water bath treatment had no impact on the particle size, but
for the UV light exposed samples, a slight increase of the particle size was measurable. The

peaks increased by about 30 nm for both samples with an exposure time of 1500 h.

In the micro range, a clear difference in the measured particle size distributions between the
abraded particles from the surface in Fig. 4(b) and the bulk in Fig. 4(c) is visible. For the
surface particles, mode 3 that ranges between 1 and 2.6 um was more dominant than mode 2
(0.6 — 1 um); for the bulk particles, it was the opposite. For the surface particles, the results
showed significant variations among the samples with the same treatment, expressed by the
large error bars for some measurements. For the bulk particles, the results are more
homogeneous among the samples, and the difference between the neat epoxy and the

nanocomposite was moderate.

With consideration of the large error bars, the particle size distributions of the surface
particles are comparable for all measurements. No evolvement of the distributions is clearly
related to the weathering processes, except that the samples exposed to UV light for 1500 h
released almost exclusively particles with diameters below 5 pm. This could be an indication
that the UV light exposure did cause a change of brittleness of the sample surface or that the

formed micro cracks had an influence on the measured particle size. The bulk particles
17
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showed no difference between the untreated samples and the water bath samples. For the UV
light degraded samples, it is noticeable that mode 3 was more dominant compared to the
untreated samples. This result was repeatable for all measurements even though it was
assumed that the abraded particles from the bulk were not affected by the UV light due to its

low penetration depth 2.

The collected particles on TEM grids showed similar behavior for the weathered samples
compared to abraded particles from untreated MWCNT/epoxy nanocomposites . Both
TEM images in Fig. 4(d) show abraded particles from a sample exposed to UV light for

1500 h. The first image shows a short fiber that possibly originated from a chopped MWCNT
since the diameter is similar to the used MWCNTs. This is the only free standing fiber found
on all samples, so an enhanced release of free MWCNTs, caused by the weathering processes,

can be neglected. The second TEM image shows a particle with several protruding MWCNTs.
3.3.2 QUANTIFICATION OF EXPOSED CNTS

The quantity of exposed MWCNTs in the PM; fraction of the abraded particles from the
samples (approx. 5 um depth) is shown in Fig. 5. The release fractions of all four degradation
scenarios remained within the standard deviation of the untreated samples and thus no
significant increase of exposed MWCNTSs was caused by the weathering processes. The
samples exposed to UV light for 500 h showed a MWCNT release fraction of approx. 0.6%,
which was 50% higher compared to the samples with exposure times of 1000 and 1500 h
(approx. 0.4 %; significance p < 0.001). The water bath samples showed the lowest release of
exposed MWCNTs (approx. 0.3 %). The differences among UV light degraded samples can
be explained partially by the measured particle size distributions from the bulk measurements.
Fig. 4(c) shows that the fraction of particles bigger than 1 um, compared to the fraction of
PM, particles, increased with longer UV exposure time and thus less PM, particles were

collected for samples with long exposure times. The large error bars for the release of exposed
18
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MWCNTs from the untreated sample do not allow an extensive comparison with the results
from the weathered samples. However, it can be concluded that the weathering processes did
not cause a significantly higher release of exposed MWCNTs and therefore the exposure risk

was not increased.

For samples with much more surface degradation, e.g. presented by Nguyen e al. '° where
apparently several hundred nm of the surface were removed during the exposure to UV light,
the quantification experiment may be able to identify an increase of the exposed MWCNTs.
However, for commercial products with included UV stabilizers, the occurrence of such

strongly degraded surfaces is going to be quite uncommon.
3.4 CYTOTOXICOLOGICAL ASSESSMENT

In addition to studying if aging alters the abrasion properties of CNT/epoxy composites, it is
important to understand if abraded particles from such composites can elicit adverse human
health effects. A significant induction of ROS and/or a slight decrease in cell viability has
been described for several cell types that were exposed to MWCNTs in vitro ****> Ina
previous study we have confirmed that such adverse effects were also induced in THP-1 cells
with the same MWCNTSs as used in this work '®. Similar to pure MWCNTs, abraded particles
from untreated and aged MWCNT composites induced a time- and concentration-dependent
decrease in cell viability as measured by the MTS assay (Fig. 6(a)). The cell activity was
always above 70 % even at the highest concentration of 80 pg/ml of abraded particles, which
represents the scenario for a high single-dose occupational exposure. Particles abraded from
MWCNT composites that were treated with UV light for 1500 h or were kept in the water

bath for 1000 h did not show any additional toxicity as compared to non-aged control

particles.
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To investigate if the observed slight cytotoxicity was due to exposed MWCNTSs we also
analyzed the effects of particles abraded from untreated or aged epoxy that did not contain
any MWCNTs. Interestingly, a very similar decrease in THP-1 viability was observed,
suggesting that this adverse effect was induced by the epoxy particles. Another source of
cytotoxic material may be the released particles from the abrasion wheel but this was

excluded already in our previous study '®.

In contrast to pristine MWCNTs, all abraded particles from untreated or aged samples with or
without MWCNTs did not induce the formation of ROS in the DCF-assay (Fig. 6(b)). The
positive control Sin-1 (a morpholino compound) confirmed that the assay was sensitive to
detect intracellular free radicals. Therefore, the observed decrease in cell viability was not due
to the formation of ROS. As oxidative stress is assumed to be a major factor in CNT induced
cell death, the observed absence of ROS further supports our hypothesis that the cytotoxic
effects on THP-1 cells were due to the epoxy particles rather than from exposed MWCNTs.
Although CNTs are a diverse population of materials, it appears that a common mechanism
may be responsible for driving CNT toxicity >*. According to the proposed ROS paradigm,
the induction of ROS by CNTs may result in oxidative damage to cellular components,
inflammatory responses and ultimately lead to cell death. Whether and to which extent these
adverse effects are occurring is strongly dependent on CNT length, rigidity, metal content,
tendency to aggregate/agglomerate and surface chemistry, among others. In a previous study
we have tested the cytotoxicity of abraded particles containing free-standing MWCNTs '®.
Neither pure MWCNTSs nor abraded particles containing a low amount of exposed MWCNTSs
induced the release of inflammatory cytokines (IL-8 or TNFa) or DNA strand breaks in THP-
1 cells. The reason why we did not observe any adverse inflammatory responses or genotoxic
effects even with pure MWCNTSs was most likely that the MWCNTs used were rather short.

Indeed, especially long, needle-like MWCNTSs have been described to induce significant
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adverse effects both in vitro and in vivo such as radical formation, inflammation, fibrosis and
mesothelioma ** . Therefore, we decided not to test the inflammatory and genotoxic effects
of our aged nanocomposites, which did not show any additional release of exposed MWCNTs
upon abrasion. In fact, complex endpoints involving the interplay of many different cell types
such as inflammatory responses may not be well predicted in our simple in vifro model. Our
study focused on acute toxicity tests, and intended to investigate the risk of a single-dose
occupational exposure during mechanical abrasion of a fresh or weathered MWCNT

61-63
would

composite material. Chronic studies in more complex co-culture or in vivo models
be required to assess the effects of exposure to particles released by long term weathering and

degradation of nanocomposite.
4. CONCLUSION

Compared to other weathering studies with CNT/epoxy nanocomposites, our study
investigated not only UV degradation but also the aging by immersion in water in order to
detect a possible release of the nanofiller. The measurements of the water uptake showed that
the MWCNTs had an influence on both the equilibrium uptake capacity and the uptake
kinetics. No notable influence by the weathering process on the surface chemistry, the particle

size of abraded particles, and the particle cytotoxicity was detected.

Our results from the degradation process by exposure to UV light were different compared to
similar studies where no delamination of the top surface layer was observed. This effect had
the consequence that after 1500 h of exposure, the surface was relatively smooth and showed
a low degree of chemical degradation. For longer exposure times, the formation of a MWCNT
network on the surface, as shown by other studies, cannot be ruled out. Further, a several-um-
thick layer below the surface of the nanocomposite was affected by the exposure to UV light,
causing a release of larger particles compared to the untreated sample when an abrasion

process was applied, and thus a release of a smaller quantity of exposed MWCNTs in the PM;
21
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fraction. This result can change if samples with a formed network of MWCNTSs on the surface

are abraded.

With the presented dataset, it is possible to estimate the risk for an acute exposure to abraded
particles of the investigated MWCNT/epoxy nanocomposites. We were able to determine the
dose of exposed MWCNTs when the abrasion process was applied and also to evaluate the
toxicity of the particles. With the obtained results, we can conclude that the health risk upon
inhalation of the abraded particles is low for a single exposure event. The risk for long term

exposures cannot be estimated with the obtained results.
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Tab. 1 Comparison of different UV light weathering studies on CNT/polymer nanocomposites

Matrix Sample CNT Temperature

Study material thickness load RH

0.72 50 °C
Nguyen et al.** Epoxy 0.125 mm wt% 75 %

0.72 50 °C
Nguyen et al." Epoxy 0.15 mm wt% 75 %
Wohlleben et Low RH or 65 °C
al > Polyurethane  1.5and2mm 3 wt% 50 %
Ging et al*’. Epoxy 0.4 mm 1 wt% 75 % 30°C
Petersen et 3.5 50 °C
al® Epoxy 0.15 mm Wt% 75 %
This study Epoxy 4 mm 1 wt% <5% 60 °C
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Figure 1: a) Weight increases in the water bath for the three samples at different temperatures.
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b) Arrhenius plot of the obtained diffusion coefficients compared to reference data. c)

Activation energies of the water uptake compared to reference data from studies with other

epoxy systems.
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Figure 2: a) ATF-FTIR measurements of the samples after 1000 h of weathering compared to

untreated samples for the 1 wt% MWCNT/epoxy samples. The vertical lines indicate the

identified peaks; a table with all identified peaks is given in the SI (Tab.S.2). b) Time series of

the impact of the UV light on the surface chemistry for a neat epoxy (top) and a 1 wt%

MWCNT/epoxy nanocomposite (bottom).
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Figure 3: a) SEM image of a 1 wt% MWCNT/epoxy sample that was immersed in water at

70 °C for 1000 h; b) & ¢) SEM images of a 1 wt% MWCNT/epoxy sample after exposure to
UV light for 1500 h. d) AFM image of a remained particle of the top surface layer after

1500 h of UV light exposure ) AFM image of the implied damage on the surface after 1000 h
of UV light exposure.
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Figure 4: a) Particle size distributions in the nano range of the abraded particles from the
weathering samples. b) & c) Particle size distributions in the micro range of the abraded
particles from the weathering samples, b) from surface particles and c¢) from bulk particles. d)
TEM images of abraded particles from a 1 wt% MWCNT/epoxy sample after 1500 h under
UV light, top: a chopped and free standing MWCNT, bottom: a protruding MWCNT from an
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Figure 5: Box plots of the results from the release measurements. Each measurement

represents five independent data points, marked by o. The boxes mark the 25 and 75 %

percentiles. Further the average values and the standard deviations are given.
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Figure 6: Viability and ROS formation in THP-1 macrophages exposed to abraded particles
from control and aged nanocomposite materials. a) PMA-differentiated THP-1 cells were
treated with the indicated concentrations of abrasion particles for 3 and 24 h before
performing the MTS cell viability assay. CdSO4 was used as the positive control to induce
cell death. b) Cells were incubated with abrasion particles and ROS formation was measured
after 2 h using the DCF assay. Sin-1, a morpholino compound, was used as a positive control.
Data represent the mean = StEM of three independent experiments.
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