HIGHLIGHTS
· A new method for quantifying CNT release from polymer composites was developed
· This method, based on sample oxidation, achieved 95% CNT recovery
· This recovery is a major improvement compared to current methods in the literature
·  Release of 14C-labeled CNTs was observed after weathering and mechanical stresses
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Abstract
Carbon nanotubes (CNTs) are promising nanomaterials exhibiting high thermal and electrical conductivities, significant stiffness, and high tensile strength. As a result, CNTs have been utilized as additives to enhance properties of various polymeric materials in a broad range of fields. In this study, we investigated the release of CNTs from CNT epoxy nanocomposites exposed to environmental weathering and mechanical stresses. The presence and amount of CNTs released from degraded polymer nanocomposites is important because CNTs can impact physiological systems in humans and environmental organisms. The weathering experiments in this study included nanocomposite exposure to both UV and a water spray, to simulate sunlight and rain exposure, whereas mechanical stresses were induced by shaking and ultrasonication. CNT release from epoxy nanocomposites was quantified by a 14C-labeling method that enabled measurement of the CNT release rates after different weathering and mechanical treatments. In this study, a sample oxidizer was used prior to liquid scintillation counting, because it was shown to reduce interferences from the presence of polymeric materials and achieve a high recovery (95 %). Polymer nanocomposite degradation was confirmed by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), and light microscopy. A continuous release of 14C-labeled nanomaterials was observed after each UV and simulated rain exposure period, with 0.23 % (mass/mass) of the total embedded mass of CNTs being released from the CNT nanocomposite during the full weathering process, suggesting that the water spray induced sufficient mechanical stress to eliminate the protective effect of the surface agglomerated CNT network. Importantly, additional mechanical stresses imposed on the weathered nanocomposites by shaking and ultrasonication resulted in further release of approximately 0.27 % (mass /mass). 
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1 Introduction
[bookmark: _Hlk128471598]Carbon nanotubes (CNTs) have a unique combination of outstanding properties, including large surface area, high aspect ratio, low density, high stiffness and tensile strength, and excellent thermal and electrical conductivity [1,2]. Therefore, CNTs have been widely considered as promising nano-fillers for polymeric materials needing enhanced properties. As a result of CNT addition, nanocomposites have exhibited enhanced mechanical, electrical, and thermal properties that are critical for applications in aerospace, automotive, construction, and electronic packaging [3]. Among the commonly used plastic materials, epoxy polymers have a significant market share given their use as adhesives, coatings, and construction materials [4]. Despite these important applications and the many beneficial properties of epoxy polymers (i.e., excellent adhesion, good mechanical properties, durability, chemical and heat resistance), one significant disadvantage of these polymers is their potential for degradation upon ultraviolet (UV) weathering exposure and mechanical stresses during the use and disposal stages of their lifecycle [5,6]. The most frequently incorporated CNTs into epoxy nanocomposites are multiwall CNTs compared to single-wall CNTs. Unless otherwise stated, all studies described throughout this paper relate to multiwall CNTs.
Polymer degradation and the potential release of engineered nanomaterials (ENMs), such as CNTs, from polymer nanocomposites has raised concerns about their potential environmental and human health impacts [7,8]. This has, in turn, prompted research to develop methods to quantify ENMs concentrations in nanocomposites and their potential for release [9-16]. Several studies have attempted to characterize epoxy nanocomposites’ degradation and CNT release profiles under different environmental and mechanical stress conditions [12,13]. Researchers discovered that UV radiation caused degradation of the epoxy matrices which led to removal of the epoxy surface layer and gradual appearance of exposed CNTs on the surface in the absence of mechanical stresses [17-19].  In addition, CNTs have been suggested to slow down the photodegradation of epoxy matrices by forming surface accumulated CNT networks (i.e., deprotected CNTs) that absorb UV radiation and thereby protect the polymer matrix below [20]. Following UV irradiation and the formation of CNTs on the sample surface, one study did not observe CNT release by examining the surface of collector liners that held the samples during the irradiation process using scanning electron microscopy (SEM), suggesting that polymer degradation alone might not be sufficient for CNT release  [20].  
In addition to UV radiation, mechanical stresses applied to nanocomposites may also result in the airborne release of polymer fragments containing nanomaterials. Sanding of CNT epoxy nanocomposites led to increased protrusions of CNTs from the polymer [21], but free CNTs were not observed after sanding [22] or grinding [23]. In contrast, other studies have observed released, unbound CNTs in air after certain treatments with a grit disc sander [24] or a Taber abrasion [25]. While these studies provide an inconsistent picture of unbound CNTs release, it can be concluded that the release of nanomaterials is influenced by the concentration of CNTs added, dispersion of the CNTs within the epoxy polymer, and energy input from the mechanical weathering/degradation processes. 
Although the exposure of CNT nanocomposites to both environmental and mechanical stresses is the most realistic scenario, only a few studies have tried to understand the effect of combined weathering and mechanical stresses (e.g., abrasion, rain) [21,26,27]. For example, UV exposure, wet weathering, and mechanical stress on 3 % (nanocomposite percentages are always on a mass CNT/mass polymer nanocomposite basis) CNT polyurethane nanocomposites showed that higher mechanical energy input (e.g., probe sonication) resulted in the release of larger amounts of deprotected CNTs than lower mechanical energy processes such as shaking [21]. Similarly, shaking and ultrasonication after weathering treatment resulted in the release of free CNTs as confirmed by transmission electron microscopy (TEM), ultraviolet-visible (UV-Vis) spectroscopy and inductively coupled plasma-mass spectrometry (ICP-MS) [26]. However, these studies did not use quantitative methods to directly measure the released CNTs themselves. While ICP-MS can quantitatively measure the metal catalysts present in CNTs, it is possible that it also measure catalysts no longer associated with the CNTs. CNTs can be released in different forms: (1) released particles containing CNTs fully embedded in the polymer matrix, (2) released particles with CNTs protruding from the polymer while partly encased, (3) and as unbound CNTs. Despite the fact that quantification methods for unbound CNTs dispersed in environmental media are well described, the presence of polymer particles typically at substantially higher concentrations hinders their quantification as result of interferences for most methods [28]. 
 One key method that can potentially avoid matrix effects from the polymer nanocomposite is the use of 14C-labeled CNTs, an approach previously used in numerous bioaccumulation [29-32] and environmental fate studies [33-35]. Instead of trying to detect suspended CNTs in a suspension with other carbon particles, this detection method detects the 14C isotope. This approach has only been applied in two studies to assess CNT release from weathered polycarbonate nanocomposites (1 %) [36] and epoxy nanocomposites (0.25 %) [37]. However, the time dependent release profiles of CNTs during the weathering process were not evaluated in these studies. Moreover, there is still a potential for the polymer particles or CNTs to adsorb beta particles released from the C14 isotope instead of the beta particles being absorbed by the liquid scintillation cocktail, thus leading to an underestimate of the CNT concentration. This potential interference from quenching was not directly evaluated in these prior studies and more investigation is needed to understand how to minimize potential interference from the remaining polymer.  
In this study, 14C-labeled CNT epoxy nanocomposites were prepared and exposed to accelerated UV weathering (up to 1000 MJ/m2) combined with simulated rain via a water spray. Then, the weathered samples were treated under two mechanical stresses: shaking and ultrasonication in a leaching liquid. A comprehensive study of degradation and nanomaterial release was performed using both qualitative and quantitative methods. Time dependent polymer nanocomposite degradation and release rates of CNTs during the weathering process were evaluated. Chemical and morphological changes of the CNT epoxy nanocomposites were monitored by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) and scanning electron microscopy (SEM). Release of 14C-labeled CNTs was monitored using a liquid scintillation counter (LSC). Unlike prior studies using 14C-labeled CNTs, the interference from polymer matrices was reduced by utilizing a sample oxidizer that converted all the carbon present to CO2, with 14CO2 being subsequently quantified by a LSC. 
2 Materials and Methods
2.1 Synthesis of CNT epoxy nanocomposites
14C-labeled multiwall CNTs used in this study were synthesized via modified chemical vapor deposition using 14C-labeled methane as the feedstock gas [38,39]. 14C-labeled CNTs were first treated for 1 h in concentrated (11 mol/L) hydrochloric acid with bath sonication followed by filtering and washing with boiling water, and then treated with a 3:1 mixture of 14.8 mol/L sulfuric and 15.6 mol/L nitric acid for 2 h with bath sonication followed by filtering and washing with boiling water as previously described [40-42]. The specific radioactivity was determined to be 0.122 mCi/g ± 0.004 mCi/g CNT by sample oxidation (data are always mean ± standard deviation values). Values for key physicochemical parameters of the CNTs have been previously published [35,43] and are provided in Table S1. Unlabeled CNTs were synthesized using an identical procedure with non-labeled methane and then similarly treated. Given safety rules for working with radioactive isotopes, it was necessary for some instruments located in rooms that prohibit the use of radioactive substances to instead analyze nanocomposites with non-radioactive CNTS. CNT samples were analyzed using thermogravimetric analysis (TGA) to detect amorphous carbon, but it was not detectable [38,39].
14C-labeled and non-labeled CNT polymer nanocomposites (1 % CNT/cured polymer by mass) were then prepared using identical procedures (a schematic is shown in Fig. S1). All reagents were used as received with no additional treatment. 100 mg of CNTs were dispersed in 30 mL chloroform (ACS grade, VWR), ultrasonicated for 30 min (Ultrasonic Systems Inc., Farmingdale, NY, Model 250), and then the solution was added to 7.072 g of a difunctional bisphenol A epoxy resin (Epon Resin 828, Hexion Inc. Columbus, OH). The resulting mixture was then stirred at 60 ℃ overnight until all of the chloroform evaporated. Then, the CNT resin mixture was transferred to a three-roller mill for calendaring, after which the CNT resin was collected and fed into the mill again. The procedure was performed two more times to further increase the dispersion of CNTs in the resin. After this step, an aliphatic amine curing agent (EPIKURE Curing Agent 3274, Miller-Stephenson, Inc.) was added to the CNT resin mixture at a specific ratio (resin 100 parts by mass, curing agent 40 parts by mass). The CNT resin hardener mixture was stirred for 5 min at room temperature and then degassed under house vacuum for 1 h. Nanocomposite films of approximately 300 µm thickness were prepared by drawdown application on Mylar sheets (Mylar Sheets, GE Healthcare). The nanocomposite films were then cured at room temperature for 24 h followed by post-curing in an oven at 110 ℃ for 1 h. As-prepared 1.0 % CNT epoxy nanocomposite samples were then stored under ambient conditions. To assess the dispersion of the CNTs within the epoxy nanocomposite prior to weathering, Raman spectra were collected in three different areas of a single sample using a Bruker Senterra XL Raman microscope (Billerica, MA) with a 50 x objective and the following conditions: 1 mW, 785 nm, 2 µm spot size, 20 s integration time, and 5 co-additions. The baseline was corrected using the concave rubberband method (1000 points and 20 iterations). The relative peak intensities of the D (1310 cm-1) and G (1611 cm-1) bands in the three different sample areas were compared to assess homogeneity of the CNT dispersion.
2.2 Accelerated weathering conditions
Four identical weathering boxes were constructed for weathering experiments: three for 14C-labeled CNTs epoxy nanocomposites and one for non-labeled nanocomposites (see Fig. S2 for pictures of the sample holder and weathering box before and during UV exposure or simulated rainfall). All CNT epoxy nanocomposite samples were cut into 20 mm by 20 mm square pieces. A group of 12 samples were placed in each weathering box. Each CNT nancomposite sample was placed into a separate compartment in the stainless steel rotating circular sample holder located in the weathering box. UV illumination was provided by a UVA (315 nm to 400 nm) source (mercury bulb (Sylvania 100W Mercury Spot R H44GS-100/MDSKSP) in a UV lamp (Blak-Ray Long Wave Ultraviolet Lamp Model B 100AP)). The light intensity reaching the nanocomposite samples was adjusted to approximately 200 W/m2 based on five measurements with a light meter (Sper Scientific UVA/B Light Meter Model 850009) that measures from 290 nm to 370 nm and was located 17 cm from the lamp after allowing the lamp to warm up for 1 h; UV irradiation was conducted at room temperature under ambient conditions and the light source was checked weekly. The weathering duration was 60 d, reaching 1000 MJ/m2 of total UV exposure, a UV exposure representative of  3.5 years of sunlight exposure in South Florida [44]. During UV weathering, the samples were also exposed to a periodic water spray. After every 100 MJ/m2 of UV exposure (equivalent to 139 h of exposure), one period with three deionized water spraying intervals of 200 mL each were delivered to the sample holder to simulate outdoor rainfall (a schematic of the weathering and water spraying process is shown in Fig. 1). The spraying system contained a thin layer chromatography (TLC) sprayer driven by compressed air at 15 psi pressure. Assuming the spray hits the full sample holder (15.2 cm diameter) equally, the estimated force of the water spray on the surface was 57 mN. The distance between the sprayer and the sample holder was 12 cm and the total volume of water delivered in each spray period was 600 mL (three sprays of 200 mL each; the three sprays lasted approximately 17 min in total). The run-off water from 14C-labeled CNT epoxy nanocomposite samples from each weathering box containing 12 individual pieces was collected, and vacuum filtered through nitrocellulose filters (0.22 µm pore size, Millipore). The nitrocellulose filter was combusted in a sample oxidizer (R. J. Harvey RX-500) and the combustion products collected in scintillation liquid (R. J. Harvey company) were measured by a liquid scintillation counter (Perkin Elmer Tri-Carb 2890 Liquid Scintillation Analyzer). Non-radioactive nanocomposite samples were also characterized as described in section 2.5.
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[bookmark: _Toc22724337]Figure 1: Schematic showing the UV illumination and weathering processes following by vacuum filtration. Figure created with biorender.com
2.3 [bookmark: _Toc22716391]Mechanical treatment of weathered nanocomposites
All of the weathered 14C-labeled CNT epoxy nanocomposites were transferred to glass containers for subsequent leaching studies that included orbital shaking followed by bath sonication (JPS-20A ultrasonic cleaning machine, Vevor). The experimental conditions employed here were similar to those described in a previous study assessing CNT leaching from weathered epoxy nanocomposites [26]. The leaching solution was prepared according to EPA Method 1311, the widely used toxicity characteristic leaching procedure protocol [45]. 5.7 mL of glacial acetic acid (certified ACS, J.T. Baker) was added to 500 mL of DI water, followed by addition of 64.3 mL of 1 N NaOH and subsequent dilution to a total volume of 1 L. The pH value of this leaching solution was 4.91 (within the range of 4.93 ± 0.05 required by EPA Method 1311). 
In these experiments, individual 14C-labeled CNT epoxy nanocomposite samples were immersed in 10 mL of leaching solution, shaken on a Labline 3520 orbital shaker at 2 Hz for 24 h and then washed with 1 mL leaching solution twice. After shaking, each sample was then immersed in another 10 mL of leaching solution, sonicated in an ultrasonic bath for 1 h, and then washed with 1 mL leaching solution twice.  At the end of the experiments, leaching liquid from each group of samples (one group per weathering box) containing 12 individual pieces was vacuum filtered, and the radioactivity of the leaching liquid was measured as described above.
2.4 [bookmark: _Toc22716379]Recovery Tests for Collection and Quantification of 14C-labeled CNTs
Initial experiments were performed without sample oxidation. A stock CNT suspension was prepared by dispersing 0.55 mg 14C-labeled CNTs in 200 ml DI water by probe ultrasonication (23 kHz, 90 W; model 250, Ultrasonic Systems Inc., Farmindgale, NY) for 1 h. To determine the radioactivity of the stock suspension, 1 mL of the suspension was added directly to 9 mL of Hionic Fluor LSC cocktail (Perkin Elmer), the vial mixed, and then analyzed by an LSC. To assess the impact of filtration on the results, 1 mL of the stock suspension was diluted in 200 mL of DI water, the water filtered through the nitrocellulose filter described above, the filter added to 10 mL of scintillation cocktail, and the sample analyzed by LSC. The impact of the presence of epoxy nanocomposite nanomaterials was also evaluated. Epoxy granules were prepared by grinding an epoxy sheet (preparation method is the same with CNT-epoxy nanocomposite) and sieving using a Number 40 sieve (sieve opening 425 µm) to collect fragments. Similar to the experiment in the absence of epoxy granules, 1 mL of C14-CNT suspension was diluted in 200 mL by DI water, a mass of epoxy granules 1000 times greater than that of the CNTs were added, the suspension ultrasonicated for 30 minutes, the suspension filtered using a nitrocellulose filter, and the filter immersed in 10 mL LSC cocktail for analysis. 
The CNT recovery after addition of a sample with a known concentration to the exposure system was evaluated. One mL of the CNT stock suspension was diluted in 200 mL of DI water and the suspension then poured onto the weathering set up and the runoff collected. The system was then sprayed three times with 200 mL of water and the runoff collected each time; additional times spraying were not shown to impact the results. The total volume of runoff was then collected on nitrocellulose filters which were added to cocktail as described above and then analyzed.
Given the limited recoveries observed with this method, similar experiments were repeated but with the use of sample oxidation to combust samples prior to analysis. The sample oxidizer functions by combusting samples at an elevated temperature in the presence of oxygen gas, passing the gas through a series of catalysts to ensure a full conversion to CO2, and then bubbling the gas through a scintillation cocktail (R. J. Harvey company) designed to absorb the CO2. This scintillation cocktail is then analzyed using LSC.  The advantage of this approach is that it reduces self-quenching from CNT agglomerates and also interferences from other substances present in the LSC cocktail such as the filter and epoxy material [46].
The sample oxidizer recovery was evaluated by adding 100 µL of a radioactive D-mannitol solution with a known radioactivity (D-Mannitol-1-14C in ethanol/water (2:98), VWR) to sample oxidizer boats with either 25 µg or 100 µg of non-labeled mannitol, a nitrocellulose filter (approximately 100 µg), or 100 µg of an unlabeled CNT epoxy nanocomposites. The recovery efficiency was calculated for each experiment to assess the loss from performing the sample oxidation step.
CNT recovery experiments were repeated after addition of a sample to the weathering chamber except sample oxidation was used prior to LSC. The stock suspension’s radioactivity was quantified by adding 1 mL of the suspension to 9 mL of liquid scintillation cocktail and then analyzed by LSC. To assess the recovery after sample addition to the test system, similar experiments were performed as described above except that sample oxidation was performed prior to analysis of the radioactivity on the filter. The percentage recovery was calculated as the amount of radioactivity recovered (after adjusting for the percentage recovery for the nitrocellulose filter) divided by the amount of radioactivity added.
All data were calculated after background subtraction for the average radioactivity in the blank liquid scintillation cocktail media. The data for all experiments were adjusted for the sample oxidizer percentage recovery for the nitrocellulose filter.
2.5 [bookmark: _Toc22716393]Characterization of Nanocomposite Degradation
Different analytical techniques were employed to characterize weathered non-labeled CNT epoxy nanocomposites. After each 100 MJ/m2 UV exposure and water-spray, a non-labeled CNT epoxy nanocomposite specimen was removed from the weathering box, dried under ambient conditions, and evaluated. Each sample was imaged with an optical microscope (Meiji Techno Microscope) at 200 x magnification to assess the surface roughness. A Hitachi 4800 scanning electron microscope (SEM) operating at an accelerating voltage of 1 kV was employed to evaluate the surface morphology of weathered nanocomposites at higher magnification. The nanocomposite samples were sputtered with a thin layer of gold to increase conductivity and avoid charging effects. Released materials in run-off water samples were also analyzed by SEM. Several drops of run-off water were added to Si wafers and imaged after complete drying. Clean Si wafers without the addition of run-off water were also analyzed and showed an absence of polymer fragments and CNTs. Matrix chemical changes of the nanocomposite samples were characterized by a Nicolet 6700 FTIR spectrometer with a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector and a Smart iTR ATR accessory with a ZnSe prism. For each sample, spectra were taken from at least three different locations on each nanocomposite sample.
3 Results and discussion
3.1 [bookmark: _Toc22716396]Surface morphological changes during weathering
Raman microscopy was first used to analyze dispersion quality of a representative sample prior to weathering (Fig. S3). Analysis of the sample at three different points (at a 2 µm spot size) showed similar peak intensities for the G (1611 cm-1) and D (1310 cm-1) band peaks, indicating consistent dispersion or distribution of CNTs within the epoxy nanocomposite.
[bookmark: _Hlk128471695]Optical microscopy and SEM, at different magnifications, were used to characterize surface morphological changes before and after weathering (see Figs. S4 and 2, respectively). Optical microscope images of non-labeled CNT epoxy nanocomposites at 200 times magnification are shown in Fig. S4. The pristine nanocomposite had a dark color and exhibited a flat surface; however, after accelerated UV weathering and water spray, the nanocomposite gradually developed a yellowish-brownish discoloration with the surface morphology changing into a rough surface with warped edges. With increased weathering, the flat sample exhibited many sunken pits (Fig. S4). The progression of sunken pit growth with continuous UV exposure led to surface cracks that eventually propagated throughout the sample surface (Fig. S4, image 3). After accelerated weathering, the samples became very brittle, providing further evidence of severe damage to the nanocomposite sample.
SEM images were collected to characterize the surface morphology of non-labeled CNT epoxy nanocomposite samples at higher magnifications and enable observation of individual and aggregated CNTs. Pristine samples (Fig. 2, a-c) exhibited a relatively flat surface, with all CNTs embedded below the epoxy matrix and therefore not observable. For weathered nanocomposites, protruding CNTs and unprotected CNT aggregates were clearly observed in the samples even after early stages of weathering at a UV dose of 300 MJ/m2 (Fig. 2, d-f). At higher exposures (1000 MJ/m2), surface roughness continued to increase with deeper and larger surface cracks appearing, exposing more protruding CNTs and CNTs networks (Fig. 2 g-i). The observed increase in surface roughness, appearance of protruding CNTs, and CNT entanglement on the sample surface were consistent with previous studies [17,18,20]. In addition, SEM images for the run-off water sample (Fig. 3) showed several different forms of released materials, including epoxy particles of varying sizes, epoxy particles containing exposed CNTs, and unbound CNTs.   
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[bookmark: _Toc22724343]Figure 2: Surface morphological change of non-labeled CNT epoxy nanocomposite samples during accelerated weathering. Three samples were shown: nanocomposite with no weathering (a-c), with 300 MJ/m2 UV exposure and 3 water sprays (d-f), with 1000 MJ/m2 UV exposure and 10 water sprays (g-i). SEM at 2.5k (a, d, g), 5k (b, e, h), and 10k (c, f, i) times magnification for the same sample were shown in each row. 


[image: ]
Figure 3: Materials released from CNTs epoxy nanocomposite during accelerated weathering process. Epoxy particles with exposed CNTs in a dimension of several microns (a), and unbound CNTs (b) were observed in run-off water during accelerated weathering. 
3.2 [bookmark: _Toc22716397]Chemical degradation during weathering
[bookmark: _Hlk142979647][bookmark: _Hlk143071616]ATR-FTIR was employed to characterize the change in functional groups on the nanocomposite surface and monitor the chemical degradation of the epoxy matrix. The intensity changes have been normalized to the least-changed band at 1380 cm-1 , the gem-dimethyl group [17] to minimize the effect of surface morphological changes on the ATR probe-sample contact. The surface became rougher after increased degradation. As the epoxy matrix eroded, pits and hole occurred and then CNT bundles appeared with increasing exposure time. ATR-FTIR spectra for samples with increasing UV exposure are shown in Fig. S5. Note that two new peaks appeared at 1726 and 1665 cm-1 only after UV exposure (indicated in the bottom graph of  Fig. S5 and S6), and these two bands are attributed to C=O stretching of amide and ketone, respectively. To follow the peak intensity change as a function of UV dose or weathering time, FTIR difference spectra (subtraction of the pristine sample spectrum) were plotted (Fig. 4). The decrease in the peak intensity at 1508 cm-1 was assigned to the deformation of the benzene ring and indicated that there was less epoxy in the CNT accumulated surface (top few microns) after UV weathering.  There were large changes in the spectral range of 1850 to 1650 cm−1, which is commonly used to calculate the carbonyl index. Please note that Figure 4 is the spectra difference between exposed and pristine (time=0) samples. These chemical changes of the CNT epoxy nanocomposite were consistent with photo-oxidation of epoxy matrix previously observed [47-49].
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[bookmark: _Toc22724344]Figure 4: ATR-FTIR difference spectra for non-labeled CNT epoxy nanocomposites after different UV exposures. 
3.3 [bookmark: _Toc22716398]Quantification of 14C-labeled CNTs release during weathering and leaching under mechanical stress
3.3.1 Radioactivity recovery with and without the use of sample oxidation
In the absence of sample oxidation, substantially lower recovery was observed. The recovery after addition of CNTs to the filters was 92 % ± 5 % (n=3). Although this CNT recovery is fairly high, in the presence of epoxy granules, the recovery decreased to 71 % ± 7 % (n=3). Therefore, previous studies using 14C CNTs that did not test for decreased recovery as a result of the presence of the nanocomposite material or filter [36,37] may have underestimated CNT release. There was also a substantial decrease in recovery after adding a CNT test suspension to the experimental setup: 72 % ± 4 % (n=2). Given these low recoveries, it was necessary to adopt an alternative approach, namely sample oxidation, to increase the recovery and improve confidence in the test results.
Sample oxidation yielded substantially higher recovery values compared to the direct addition of CNTs or filters to the scintillation cocktail. The percentage recovery for radioactive D-mannitol in the presence of different organic materials (25 mg or 100 mg of D-mannitol, unlabeled CNT epoxy nanocomposites, and nitrocellulose filters) tested were similar (Table S2). The percentage recovery for D-mannitol in the presence of the epoxy nanocomposite was 94 % recovery, a substantial improvement from 71 % with the direct addition approach of CNTs and epoxy granules to the LSC cocktail. The overall recovery after addition of the CNT suspension to the exposure chamber was 95 % ± 9 % (n=3), a dramatic improvement compared to the approach without sample oxidation. 
3.3.2 14C Release Measurements from Weathered CNT Epoxy Nanocomposites
During weathering treatment, the samples were periodically sprayed with water and the radioactivity of the released materials was measured (see Fig. 5). After the 3rd water spray (300 MJ/m2 UV exposure), a detectable release of radioactive nanomaterial was observed. At this dosage, epoxy matrix degradation has been confirmed by ATR-FTIR (Fig. 4), while protruding CNTs and deprotected CNT agglomerates were observed by SEM (Fig. 2, d-f). This phenomenon confirmed that mechanical stresses applied by the water spray resulted in nanomaterial displacement from the surface of weathered nanocomposites, with matrix degradation and CNTs on the sample surface being the prerequisites for nanomaterial release.
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[bookmark: _Toc22724345]Figure 5: 14C-labeled CNTs collected during accelerated weathering treatment. Release of 14C-labeled nanomaterial after UV exposure  for 100 MJ m-2 and the associated water spray (a) and accumulative release throughout the weathering process (b). Data points indicate the mean and the error bars the standard deviation values (n=3). 
Continuous release of radioactive nanomaterials was observed after the 300 MJ/m2 dosage of the accelerated weathering proceeded. Accumulative nanomaterial release (Fig. 5, b) was calculated from periodic release amounts (Fig. 5, a), and the total amount of CNTs released during the entire accelerated weathering process reached approximately 0.24 % (mass released CNTs/total CNT mass). The rate of nanomaterial release was nearly linear after the beginning time point showing CNT release (300 MJ/m2 and 3 water sprays). In previous studies, CNT epoxy nanocomposites underwent UV degradation, and exposed CNT entanglements on the sample surface served as a protecting layer for epoxy matrix beneath with no observation of nanomaterial release [17,20]. However, we found that water spray caused displacement of the surface-accumulated CNTs, which were subsequently released. Periodic exposure to water droplets resulted in the continuous release of CNTs, as a result of the force from the water spray or the water running down the sample, in contrast to other studies samples were submerged in water rather than experiencing mechanical stresses from water spray during the UV exposure period. It is possible that there were also chemical impacts from the water spray (e.g., changing the adhesion between the CNTs and polymer), but this was not investigated in this study. One potential direction for future research could be to change the water pressure to assess the extent to which the amount of release is dependent upon the water pressure used.
3.3.3 14C Release Measurements from Weathered and Mechanically Treated CNT Epoxy Nanocomposites
After weathering, the CNTs epoxy nanocomposites were treated with two additional mechanical stresses: shaking followed by bath sonication. For the weathered samples, a significant amount of release for radioactive materials was detected (with an average increase of 138 times compared to the non-weathered control sample) after mechanical treatment. This dramatic increase in release of CNTs for weathered samples compared to nonweathered samples can be explained by decomposition of epoxy matrix of the nanocomposite as demonstrated by the microscopy (Fig. 2, d-i) and spectroscopy results (Fig. 4). Shaking caused the release of 12.5 µg ± 2.3 µg, while sonication caused the release of an additional 34.9 µg ± 4.9 µg. The total amount of radioactive materials collected from both shaking and sonication was 0.27 % ± 0.4 % of the total radioactivity.
As discussed previously, our SEM data (Fig. 2, d-i) showed the formation of a CNT network on the sample surface. It is important to note that several studies argued that mere deprotection of CNTs from the epoxy matrix is not sufficient to cause their release into the environment [17,20]. However, in our case, the deprotected CNTs were displaced by mechanical stresses, with the total amount of CNT release being dependent on the magnitude of mechanical stress. More specifically, the shaking is generally considered gentler and sonication is a more aggressive type of mechanical treatment, given the corresponding energy inputs [26]. The amount of CNTs released during sonication was 2.8 times higher as compared to that for shaking which is consistent with the literature finding that increased CNTs release is caused by increased energy input [21,26]. In addition to the magnitude of the mechanical stress varying, the direction of the applied force varied with shaking and sonication applying a stronger shear force, while the water spray directly hit the samples. A future study could investigate samples with the same amount of UV exposure with water spraying, shaking, and sonication to further disentangle the impact of force and its direction on CNT release. This could support building a model for CNT release as a function of force.
In comparison to other studies that evaluated CNT release after a combination of UV degradation and mechanical stresses of CNT nanocomposites using radioactive labeling, the total amount of CNT release from an 1 % CNT polymer composite in this study (approximately 0.5 % from weathering and mechanical stresses combined) is less than observed in one study using 1 % CNT weathered polycarbonate nanocomposites (1 % released) [36] but greater than that released (0.1 % released) in another study using 0.25 % CNT epoxy nanocomposites [37]. In the polycarbonate nanocomposite study [36], the total amount of recovery was 133 % which may have been a result of CNTs settling in chloroform prior to samples being taken for LSC analysis, as suggested by the authors; in our study unlike this prior study, the total radioactivity of the samples was based on the mass of CNT added, not measurements of the CNTs in chloroform. Biases related to interferences impacting the LSC in the absence of sample oxidation could have also impacted the results. These factors could impact the higher release rate for polycarbonate nanocomposites compared to that observed in this study. The sample treatment procedures used in the prior study with polycarbonate nanocomposites after UV degradation (water exposure, temperature stress at 70 °C, freeze-thaw cycling, washing with humic acid, artificial acid rain, and disposal site effluent, and lastly, gently wiping the surface with a wet tissue) were likely less vigorous than the bath sonicated approach used here, so this is probably not the source of the higher release rate. The lower release rate in the other epoxy nanocomposite degradation study (0.1 % released) [37] could have been impacted by the different analytical approaches used to quantify the CNTs (i.e., the use of sample oxidation before LSC or not) and by the less vigorous mechanical stresses (tapping, shaking in water, and gentle wiping with a tissue). In our study, analyzing CNTs in the presence of epoxy matrix material was shown to decrease recovery to 71 %, thus the amount measured in the prior study could have been an underestimate. In addition, the sample oxidation approach used here would also measure CNTs partly or fully encased in polymeric material released from the sample, while measuring the samples in the absence of sample oxidation would likely only detect CNTs that were freely available and the parts of CNTs that were not covered by polymeric material. Thus, the results shown in this study represents the first measurement of the total amount of CNTs released from the nanocomposite, including those that are still fully or partly encased by polymer material. One additional factor that could have impacted the release rates among the studies is the dimensions of the CNT nanocomposites themselves. It has been shown that sample thickness can influence CNT release, as estimated by detecting the metal ion catalyst associated with the CNTs using single particle inductively coupled plasma-mass spectrometry (spICP-MS), for the same applied stresses [50].
 
4 [bookmark: _Toc22716399]Conclusions
In this study, sample oxidation followed by liquid scintillation were used to measure the amount of released 14C CNTs from 14C CNT epoxy nanocomposites. Recovery experiments showed that after addition of a CNT suspension to the exposure chamber, sample oxidation achieved a 95 % CNT recovery in contrast to the substantially lower recovery after direct addition of the filter (containing filtered CNTs) to LSC cocktail.  This approach also minimized biases from the presence of epoxy materials and CNTs. Using 1 % CNT epoxy nanocomposites, the continuous release of 14C-labeled nanomaterials throughout weathering treatment was observed after matrix decomposition, suggesting matrix degradation was a prerequisite for nanomaterial release. CNT release was 0.24 % of the CNT epoxy nanocomposte mass after weathering and 7 % and 20 % after additional shaking and sonication of the nanocomposites, respectively. Mechanical stresses imposed on weathered nanocomposites resulted in a 138x increase in the amounts of CNTs release compared to CNT release from mechanically stressed but non-weathered nanocomposites, demonstrating the strong impact of prior weathering on CNT release from mechanical stresses. Overall, a combination of weathering and mechanical treatment caused the highest release from the CNT nanocomposite.
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