Quantifying Mechanical Abrasion of  MWCNT Nanocomposites used in 3D Printing: Influence of CNT content on abrasion products and rate of microplastic production
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Abstract:
Manufactured nanomaterials (MNMs) are incorporated as “nanofillers” into consumer products to enhance properties of interest. Multiwalled carbon nanotubes (MWCNTs) are known for their unique properties and have many applications in polymers. However, the release of MWCNTs during the nano-enabled product lifecycle is concerning. During the use phase, mechanical stresses can produce fragmented materials containing MNMs. The degree of MNM release, the resulting exposure to these materials, and the potential impacts of their release are active research topics. In this study, we describe methodological improvements to study the abrasion of plastics containing MNMs (nanocomposites) and report on characteristics of  abrasion products produced and rates of microplastic production. The abrasion device developed for this work allows for the measurement of power inputs to determine scaled release rates. Abrasion rates for plastics used in 3D printing were found to be  0.27 g/m2/s for the PETG polymer and 0.3 g/m2/s for the 2% MWCNT-PETG nanocomposite. Embedded and protuberant MWCNTs appeared to impact the particle size, shape, hydrophobicity, and surface charge of the microplastics, while the inclusion of MWCNTs had a small effect on microplastic production. Measurements of power input to the abrasion process provided a basis for estimating microplastic production rates for these nanocomposites.
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Synopsis: Abrasion of MWCNT-PETG nanocomposites result in ability to predict how much MWCNT microplastics are released during lifecycle and into the aquatic environment. 















Introduction

Methods for quantifying the abrasion of plastics are of interest in evaluating both the conditions of wear on plastic products and the generation of fine plastic particles over time.  Nanomaterials are sometimes incorporated as nanofillers into polymer formulations to enhance existing properties or to add new properties of interest in the products made from these plastic composites.  For example, multiwalled carbon nanotubes (MWCNTs) are known for their unique and diverse properties (mechanical, electrical, thermal, electrochemical, optical and hydrophobic properties) and have many applications in the polymer industry, especially in improving a polymer’s mechanical properties when added to the polymer matrix.1 Even though there are many advantages to using MWCNTs in polymers, the potential release of manufactured nanomaterials (MNMs), such as MWCNTs during the product life cycle and resultant probabilities of exposure for manufacturing workers, product users, and the environment, has raised concerns.2-4 Data on MNM release rates from consumer products are growing and MNM release rates from various scenarios have been recently harmonized, normalized, and compiled in a library, creating the first quantitative dataset of MNM release during the life cycle of a nano-product. 5-9 The release potential of MNMs depends on various parameters at each stage of the product life cycle: nanomaterial properties, product handling, use phase, surrounding environmental or biological media, and product matrix properties.10, 11

The MNMs incorporated into plastics, such as filaments for 3D printing, have the potential for release during use or following disposal when the plastics are exposed to  mechanical stress such as abrasion. MNMs in abrasion products from plastics have been observed to be largely encapsulated in the product matrix, with a small fraction in contact with the environment as protuberant, free, or agglomerated MNMs.12, 13  The abrasion of nanocomposites has also been shown to produce microplastic particles (plastic particles that are <5 mm) containing MNMs.14 Koivisto et al., 2017, reported airborne particle number emission rates (S, in particles/s) from nanocomposites by compiling the results from 5 studies as a function of mechanical processes (i.e., wind erosion, dynamic friction, sanding, abrasion).9, 15-19 Airborne particles released from mechanical treatments, where particle emission rates ranged from 105 particles per second to 1010 particles per second, were quantified, and the data illustrated the influence of product matrix properties and the mechanical processes involved. For example, polymers with a high Young’s modulus and tensile strength, such as epoxy, were hypothesized to produce fewer particles by abrasion. Gohler et al., 2010, showed that elastic thermoplastic polyurethane (TPU) produced two orders of magnitude more particles than strong Acrylate polymers.15

Data from abrasion experiments produced to date are limited in their applicability, due to challenges in scaling abrasion conditions from lab to field that preclude correlating the lab data with and field-scale conditions.9, 20 One premise of the work reported here is that quantification  of power applied (in J/s) during abrasion will improve the ability to extrapolate  laboratory measurements to other abrasion scenarios. The power input depends on the contact properties (friction coefficient) between the abrading surface and the material, properties which are typically poorly deﬁned. 

The effect of MNMs on the abrasion rate of composite products has been the subject of several studies. 15, 18, 19, 21, 22 Because MWCNTs are often added to increase the strength of the product, these composites may potentially exhibit less wear when compared to the same plastic without MWCNTs. MWCNTs have also been shown to reduce UV and water degradation and to preserve product structure.19, 23  On the other hand, other MNMs, such as nano-CeO2, have been shown to increase product degradability. 24 There is evidence of matrix (polymer) effects on the release of MNMs during use-phase mechanical stresses and that the product matrix drives/influences the speciation of released MNMs.14 

In this study, we present data on MWCNT-PETG (polyethylene terephthalate glycol) composites’ release rate as a function of measured power input during mechanical stress using a novel abrasion apparatus designed to allow for consistent data collection in prescribed, scalable conditions.  The novelty of the setup is its capability to measure the torque, and thus, the power inputs, and ultimately, the friction coefficient during the abrasion process. This enables the acquisition of data that can be correlated with the abrasion rate and ultimately scaled to various exposure scenarios. We evaluated the use of this abrasion apparatus and associated protocols using nanocomposites composed of PETG polymer and MWCNTs at mass fractions of 0%, 0.5%, or 2%. The microplastics produced containing MNMs were characterized by particles’ size and physical chemistry, focusing on MNM’s speciation via scanning electron microscopy (SEM), transmission electron microscopy (TEM), and percentage of MNMs exposed on the surface. The microplastic surface properties in various aquatic media (pure water, wetland and ocean water) were assessed.  To be concise, we use the notation PETG-0, PETG-0.5, and PETG-2 to denote neat PETG, PETG with MWCNT mass fraction of 0.5%, and PETG with MWCNT mass fraction of 2%, respectively.    These loadings were chosen in order to test economically viable nanocomposite products and concentrations in studies used by 3D printed polymers and membranes.25, 26 

Methods
3D printed polymer preparation 
The polymer used in this study was Polyethylene Terephthalate Glycol (PETG, (C10H8O4)n) which is widely used in various plastic consumer products due to its transparency and excellent mechanical properties, including relatively high strength, toughness, and temperature resistance. The plastic was prepared as a filament for 3D printing which was then used to print puck and “dog bone-” shaped objects for abrasion and strength testing respectively as shown in figure S9 in the SI. Plastics containing nanomaterials used as filaments for 3D printing, are particularly relevant given that they may make their way into a wide variety of products with widely different product life cycles. 

Two batches of polymer-multiwalled carbon nanotube (MWCNT) composite filament (~2 kg each) and one batch of the virgin PETG polymer were prepared by NIST in collaboration with Texas State University Advanced Polymers and Nanomaterials Lab (Dr. Haoran Chen and Dr. Clois Powell) using a Eurolab XL 16 twin screw extruder with a length/diameter (3mm) (L/D) ratio of 40 (see SI for parameters used to prepare polymer composites).[footnoteRef:1] [1:  Certain commercial equipment, instruments, or materials are identified in this paper to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.] 


The mass fraction of MWCNTs in the three samples were designed to be 0%, 0.5%, and 2%. Filament grade polymer (SKYGREEN S2008; polyethylene terephthalate glycol PETG) was purchased from ChasePlastics (Lot # 5000356207) and MWCNTs were supplied from CheapTubes, Grafton, VT (Figure S1). PETG pellets and MWCNTs were dried at 65 °C for 24 hours and mixed in a zip-bag before feeding into the extruder. Filaments that were generated in the first pass were pelletized, dried, and reprocessed through the extruder. This process was repeated three times to insure optimal MWCNT distribution in the PETG matrix and extruded at the end into 2.75 mm filament for 3D printing. 

[bookmark: _Toc512333857]3D polymer initial characterization
Composites were characterized for strength using 3D printed dog bones (ASTM D638, 1 mm thickness) and abrasion using cylinder pucks with a diameter of 50.8 mm and thickness of 5 mm. The effect of MWCNTs on the polymers’ degree of crystallinity was assessed by wide-angle x-ray scattering (WAXS), using a Bruker D8 Advance Eco with a Cu Kα (1.5418 Å) source. The mechanical properties of the composites were quantified using tensile tests (N=3). Young’s modulus and ultimate tensile strength values were extracted, as described in Table 1 below. Mechanical properties of the investigated composites were performed on the 3D printed dog bones by a uniaxial tensile test at room temperature to obtain stress−strain curves using a Test Resources 830 biaxial tensile test machine. 
The MWCNT dispersion was assessed by TEM imaging using JEOL TEM 1200EXII. The dog bone samples were sectioned using an ultramicrotome before TEM evaluations. The section plane was perpendicular to the flow direction of the dog bones. Hydrophilicity was measured via the water contact angle (Krüss Easy Drop Goniometer) using the sessile drop method. For each composite, measurements were repeated 5 times. 
[bookmark: _Toc512333858]Abrasion experiments
Mechanical stress occurs primarily during the composite’s use-phase of the life cycle (e.g., drilling, sawing, sanding, normal wear from handling, and children chewing) and disposal. To simulate mechanical stress, a custom abrasion setup was created that allows for more complete characterization of the abrasion process through measurement of the torque of the abrader, the rotational speed, and the normal load on the sample being abraded. Data such as these are currently missing in the microplastic and nanomaterial literature. Previous efforts (e.g.,  Amorim et al, 2018)  have used cryo-milling to produce microplastics and have not focused on the quantitative conditions and rates of microplastic generation.27 We incorporated a torque (N.m) meter in our abrasion apparatus, along with the standard normal force characterized by weight, to measure the torque and normal force applied over time (which amounted together to work in J/s) (readings taken 100 times/min). Abrasion rate was measured by weighing the sample before and after 1 minute of abrasion. Abrasion rate data were collected under various abrasion conditions by changing the weight producing the normal load from 0.1 kg to 3 kg and the rotational speed of the abrader maintained at a constant speed in any given experiment ranging from 200 rpm to 1000 rpm.  Aluminum oxide sandpaper (P80) was used as the abradant and was replaced after each testing period. 
[image: ]
Figure 1: Schematic view of the abrasion setup

The abrasion setup is constructed along a vertical axis and includes the following parts, from bottom to top: a motor (McMASTER-CARR, 120 V AC, NEMA 34, 3450 rpm), a torque-meter (Datum electronics, M425, Isle of Wight, UK), an abrading disc material holder (Universal Attachment (98 g) of 5 cm diameter to which the abrading materials can be adhered), a sample holder (custom made in house), and a weight holder (custom made). The sample holder and the abrasion disc with sandpaper are enclosed in an airtight chamber to enable the collection and analysis of the emitted particles. Fragments from the sample holder are also collected for further investigations (laser diffraction particle size analysis, Fourier transform infrared spectroscopy (FTIR), SEM). A schematic of the abrasion setup is presented in Figure 1. 
Abraded particle characterization
Abraded particles were collected on the bottom of the abrasion chamber on transparent drafting paper. Abrasion products were suspended in water to facilitate aquatic toxicity testing in a future study not reported here. Particles were characterized to determine their size, morphology, chemistry, and speciation of MWCNT. The size distribution of particles was measured by laser diffractometry using a Mastersizer 3000 (Malvern, UK) in batch experiments (1 g/L). Because of the high propensity for aggregation of particles in water, the particles were suspended in pure ethanol. For this same reason, we filtered ethanol suspended particles onto 50 nm cutoff polycarbonate filters (Isopore™ Millipore) for SEM imaging. The filters were dried, gold-coated using a vacuum sputter coater (Denton Desk IV) and imaged using a FEI XL30 FE-SEM. Particle chemistry was assessed using FTIR (Thermo Scientific Nicolet 8700).
Behavior of particles in aquatic media.
Three aquatic media were selected to represent a range of solution chemistries: pure water (Milli-Q), water from an artificial freshwater wetland, and artificial ocean water (Instant Ocean). The wetland water was freshly sampled from a control wetland mesocosm located in the Duke forest.28 Details of wetland and artificial sea water composition are presented in SI. The surface properties of abraded particles were evaluated by measurements of electrophoretic mobility (epm) using a Nanosizer NanoZS (Malvern Panalytical Ltd.). Zeta potentials were calculated from epm measurements using the Henry Equation. Plastics particles in aquatic media will settle, stay in suspension, or float. The particles were initially mixed with 40 ml of water at a concentration of 2 g/L. The concentration of particles used in these experiments (2 g/L) was chosen to ensure a proper mass balance, but is not representative of either expected microplastic or MWCNT concentration in aquatic media under real-world use scenarios.29-34 The samples were mixed for 24 hours using a rotative agitator and then left to settle for another 24 hours. Samples were then frozen, fraction cut (top, bottom and middle) (Figure S2), freeze dried, and finally weighed to obtain a mass balance of fragmented particles. Measurements were replicated three times. For wetland and artificial seawater, the mass of salt or particles were deducted by running a control experiment in which lyophilized salt solutions containing the same volume and concentration, sans particles, were weighed. Quantification of MWCNTs were tracked using nickel in ICP-MS (inductively coupled plasma mass spectrometry).
Results and discussion
Influence of MWCNT on PETG bulk properties
MWCNTs embedded in a polymer matrix have been shown to increase the mechanical, electrical, thermal, electrochemical, optical, and hydrophobic properties of polymer composites.35, 36 In this study, we focused on testing mechanical properties and hydrophobic properties of the intact matrix with two MWCNT loadings, then used these results to interpret the abrasion data and the behavior of produced particles in aquatic media. 

Table 1 Mechanical Properties of three PETG-MWCNT Composites using tensile 
	Sample name
	Ultimate Tensile Strength (MPa)
	Young’s Modulus (GPa)
	Glass transition temperature (ºC)

	PETG-0
	43.54 ± 1.43
	1.53 ± 0.09
	83.71

	PETG-0.5
	43.63 ± 1.09
	1.74 ± 0.03
	84.09

	PETG-2
	49.70 ± 1.80
	1.82 ± 0.18
	84.29



The Young’s modulus and ultimate tensile strength were extracted from stress−strain curves. Young’s modulus is used as an indication of stiffness, and the value of the Young’s modulus for composites exhibited an increasing trend (Table 1) with rising MWCNT content, 13.7% and 18.9% increase in the Young’s modulus with PETG-0.5 and PETG-2, respectively, in comparison to neat PETG (PETG-0). The tensile strength is used as a parameter to evaluate strength of the composite. No significant difference was found between PETG-0 and PETG-0.5, but the PETG-2 showed an increase in tensile strength of 14.1%, in comparison to PETG-0 and PETG-0.5. The stiffness and strength are reported to rise when MWCNTs are added. However, the increase in these properties was lower than expected in the polymer. For example, an increase of the Young’s modulus as high as 185% can be obtained when MWCNTs are added to polyamide (PA).36 In PET studies a higher tensile strength and Young’s modulus was found in MWCNT nancomposites that contained 0.25- 5 wt. % of MWCNTs in PET. 37, 38 The lower values for stiffness and strength produced by MWCNTs may be due to an incomplete dispersion of MWCNT in the polymer, as shown in the acquired TEM images (Figure S3).39 Although the presence of many individual MWCNTs was observed, some MWCNT bundles were also observed without any preferential orientation. WAXS measurement (Figure S4) indicated that PETG-0 had a higher degree of crystallinity than PETG-0.5 and PET-2. Generally, the greater the crystallinity, the more brittle the polymer is, and this tendency could counter-balance the strengthening effect of MWCNTs.40

The hydrophilicity/hydrophobicity of the composites was assessed by water contact angle measurements. The contact angles were measured on a drop of deionized (DI) water (10 L). Lower contact angle measurements indicate that the composite is hydrophilic, while higher contact angle measurements indicate that the composite is hydrophobic. The water contact angles were found to be 65.2 ±1.3, 72.2±3.6 and 86.6±2.7 for PETG-0, PETG-0.5 and PETG-2, respectively. (Figure S5). The addition of MWCNTs created a more hydrophobic composite, which is attributed to the fact that MWCNT is a carbon-based material composed of aromatic, non-polar sheets that reduce  interactions with polar water molecules31. Pristine MWCNT FTIR spectra indicate a low degree of oxidation in MWCNTs and only a small peak in the -OH region (3500 cm-1) indicating that the MWCNTs were not functionalized (Figure S6). The increase in hydrophobicity shows evidence of the presence of MWCNT at the composite surface. Dynamic mechanical analysis (DMA) was performed to determine the effects of MWCNTs in the PETG viscoelastic properties. DMA indicated that the incorporation of MWCNT did not alter the glass transition temperature (Tg; the tan δ peak) of the polymer composites. This is beneficial for 3D printing applications. The thermal stability did not change with the addition of MWCNT up to 150 °C. Storage moduli at room temperature (23 °C) of PETG-0, PETG-05, and PETG-2 are 1.86 GPa, 1.86 GPa, and 2.03 GPa, respectively. The increase in the storage modulus for the PETG-2 composite is significant. An increase in the storage modulus without a change in the loss modulus (see Figure S.7.) suggests that the PETG-2 composite is tougher than neat PETG. Glass transition temperature and storage moduli were quantified and are in accordance with results presented above. Details are available in SI (Figure S.7). The glass transition temperatures are nearly identical for all three materials because the PETG matrix and 3D printing methods were the same and the only difference was a slight variation in the percentage of MWCNT. Their almost identical amorphous structure could be the determining factor of why the abrasion rates are nearly identical, but additional studies are needed to support this correlation.

Abrasion quantification. 
 The mass of material abraded was plotted (Fig 2) as a function of power ,P (J/s). Theory indicates that the volume of particles released, V (or mass is density is introduced) should vary proportional to the normal load (N),  and the sliding distance (m). For a circular surface, the normal load, N and the tangential force are related through the friction coefficient,  as:

Where R is the radius of the surface (puck). 
The power, P is related to the Torque, T by the angular velocity, :


The power input then, P, is related to Normal load as :

Where P is the power in Joules/sec, T is the torque (N.m-1),  is the angular velocity (radians/s-1),  is the friction coefficient, N is the normal (gravitational) force (kg m/s−2) and r is the radius (m). 41

Full characterization of the abrasion process therefore requires evaluation of the friction coefficient, which is accessible through measurement of the normal load, N, the rotational speed of the abrader and the power input, P (or equivalently the torque, T). Through the friction coefficient, the power input encompasses the effects of both the normal load and the rotational speed. 

Various use scenarios can therefore be compared in part in terms of the different power inputs creating abrasion. However, scenarios will differ not only in their instantaneous power input, but in the period of time that the plastic is exposed to that power input; chewing may have high power inputs over short periods of time, while wave action may involve lower power inputs over extended periods of time. Integrating power over time yields the work done on the abraded object. 
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Description automatically generated]Friction Coefficients
PETG-0% = 0.66 ± 0.2
PETG-0.5% = 0.74 ± 0.25
PETG-2% = 0.62 ± 0.17


Figure 2: Abrasion rate versus power of PETG-0, PETG-0.5 and PETG-2 obtain with P80 sandpaper and images of the microplastics produced in the upper left-hand corner (PETG-0, PETG-0.5, and PETG-2)

In Figure 2, the abrasion rate (g/m2/s) is plotted as function of power (J/s or W) applied. An increase in the power input yields a linear increase in the abrasion rate. For all composites, the R2 is greater than 0.9. Le Bihan, et al., 2013, shows similar results with aerosol production, however, the linearity is observed using a log/log graph.42 Considering the friction coefficient associated with the materials and the sand paper, with a power applied of 15 J/s, the expected abrasion is found to be 4.1 g/m2/s, 4.5 g/m2/s and 4.6 g/m2/s for the PETG-0, PETG-0.5 and PETG-2, respectively. The kinetic friction coefficient () of the sandpaper (P80) and the composite were found to be 0.66 ± 0.2, 0.74 ± 0.25 and 0.62 ± 0.17 for PETG-0, PETG-0.5 and PETG-2, respectively. No significant difference of  was quantified between each material. This rate appears to be 1,000 times higher than epoxy containing MWCNT under UV weathering and 1 h in an ultrasonic bath.10 PETG-2 showed a decrease in abrasion rate of 11 % and 13 % in comparison to PETG-0 and PETG-0.5, respectively. The values of slope for the PETG-0.5 and the PETG 2 as determined by linear regression are not significantly different from the slope obtained for the control, suggesting that at these concentrations, the abrasion rate is independent of the CNT content (details in SI). These results seem to be correlated with the strength (elastic modulus). This is in accordance with the Archard equation and well-evidenced elsewhere.43-45  The abrasion rate is controlled by the properties of the matrix with a small modulation by the MWCNT as seen in the PETG-2 properties. 

Most abrasion studies have used either a taber abrader or a cryomill.27 However, taber abraders are not able to be standardized for a specific power input and cryomills for microplastic generation need plastic products to be frozen before being broken down. These methods therefore do not allow for the estimation of abrasion rates nor do they provide a basis for extrapolating abrasion rates from laboratory to other systems.  The power input, time, and surface area of the material in a given abrasion scenario are needed to calculate the rate of microplastics production. The power input for a given abrasion scenario is calculated and then used to read off the abrasion rate from Figure 2.  Then the time of abrasion is multiplied by the corresponding abrasion rate to obtain the amount of abraded material produced per surface area of the object being abraded. Lastly, this number is then multiplied by the surface area of the plastic object to obtain the grams of microplastic produced in that use phase. 

For example,  consider the two use scenarios where abrasion of a similar plastic product ocurrs by sanding (ranges from 1-300 J/s based on sander used) or chewing (average male jaw around 61 J/s).46-49  For example, using a power input of sanding of 1 J/s for the PETG-2% composite, the abrasion rate is calculated by multiplying the slope (Fig 2) by the power input,  0.3064*1 to obtain a value for abrasion rate of 0.31 g/m2/s.47 In this manner, values of abrasion during sanding are calculated to range from 0.28-83 g/m2/s, 0.30-90 g/m2/s, and 0.31-92 g/m2/s for PETG-0, PETG-0.5 and PETG-2 respectively.46, 47 For chewing, an estimation of the power input is calculated  assuming a mean molar force for males of  383.9 N based on an average male jaw length of 118.5mm48, 49 and an instantaneous chew time of 0.75seconds to obtain a estimated power of 61 J/s. Composite abrasion is then calculated as 0.3064*61 = 19 g/m2/s. These scenarios lead to values of abrasion during chewing that can range from 17 g/m2/s, 18 g/m2/s, and 19 g/m2/s for PETG-0, PETG-0.5 and PETG-2 respectively (details of these sanding and chewing calculations can be found in Table S3 and Table S4 in SI for all estimations). 
Abraded particles characterization
Unlike the varying work inputs to provide abrasion release data described in the previous section, particle characterization was performed on particles produced under a single work condition (i.e. motor speed: 500 rpm, weight applied: 0.5 kg, abrading materials: Al2O3 (P80)). We kept the motor speed and weight applied constant as it had been shown to affect the produced particles size.17 Produced particles were collected from the bottom of the abrasion chambers and characterized as described in Section 2.4. It should be noted that emitted airborne particle number measured by a condensation particle counter with the low detection range being a diameter of 10 nm. The particle size range measured was from 500 nm to 10 m and appears to be in the same range as ambient airborne particles present in the lab air. No production of airborne particles was detected by scanning mobility particle sizer.

The abraded particles collected on the bottom surface of the chamber were suspended in ethanol in order to obtain a well-dispersed suspension and a representative particle size distribution. The particle size distribution ranged from 2 m to few hundred m for PETG-0, PETG-0.5 and PETG-2 (Figure 3). The D10, D50 and D90 are the intercepts for 10 %, 50 % and 90 % of the cumulative mass, and are extracted from the particle size distribution. The D10, D50 and D90 for PETG-0, PETG-0.5 and PETG-2 are found below in Table 2. The abrasion process produced microplastics (particles less than 5 mm), with less than 2 % of particles below 10 m. No particles in the nanometer range were detected.50
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Figure 3: Particle size distribution measured by granulometry laser for PETG-0, PETG-0.5 and PETG-2 powder suspended in ethanol.

Table 2: D10, D50 and D90 Particle Size Distribution in micrometers
	Sample name
	D10
	D50
	D90

	PETG-0
	40.3 ± 4.8
	172 ± 24.8
	860 ± 227.4

	PETG-0.5
	35.1 ± 3.1
	110 ± 15.9
	218 ± 36.7

	PETG-2
	29.7 ± 2.4
	85 ± 8.2
	153 ± 13.1



The size of the abraded nanocomposite particles decreased as the MWCNT concentration increased. This supports that tougher materials release smaller particles than less tough materials which may break apart more readily into larger chunks. The incorporation of MWCNT into polymers has been shown to increase the toughness and hardness of the materials and therefore impact the quantity of particles released during abrasion.51, 52 However, incorporation of MWCNT into composites has been shown to decrease the resistance to elongation.36 With high power input, the polymer matrix is elongated, while MWCNTs, characterized by a low elongation, could act as a breaking point. In other words, this mechanism can be described as a rupture of MWCNTs from strong interfacial adhesion plus extensive/fast local deformation.4 In the presence of MWCNTs the produced particles are smaller. This may explain why MWCNTs are present at the particles’ surfaces. We speculate that in some scenarios this may correspond to an increase in the respirable fraction of wear material although no airborne particles were detected by the scanning mobility particle sizer in this work.
[bookmark: _Hlk45633206]The size range of the particles determined by static light scattering (SLS), was confirmed using SEM. However, particles smaller than 2 m were also observed in SEM, although they were not detected in SLS measurements. Aggregation may lead to an overestimation of particle size by SLS. A pattern can be observed in the particle shape when MWCNTs are added. In the powder of PETG-0.5 and PETG-2 samples, we observed that particles had a more fibrous morphology (Figures 4B, 4C, 4D, 4E, and 4F). In PETG-0, the particles produced were more equant and angular (Figure 4A). In comparison, in PETG-0.5 and PETG-2 powders, the particle shape is more varied, with the presence of a tubular pattern observed at two different scales. First, the presence of sinuous microscale tubes; second, the presence of straight tubes (tubular pattern) of diameters, ranging from 100 nm to 1 m, with lengths up to 10 m. At higher magnification, these straight tubes are seen to be an association of smaller tubes. This straight tube pattern was only identified in PETG containing MWCNTs. Despite SEM images providing qualitative information, this pattern seems to be linked to the presence of MWCNTs and may correspond to MWCNTs surrounded by a polymer matrix. The size of the straight tubes is in line with the size of pristine MWCNTs. To our knowledge, this tubular pattern has never been reported. This stick pattern could signify a modification of the polymer structure around the MWCNT. NMs incorporated in polymers have been shown to locally increase the polymer crystallinity where the nanomaterials’ surface acts as a nucleating agent.53 However, the overall crystallinity can decrease when the manufactured NMs decrease the melted polymer viscosity.54-56 WAXS analysis reported an increase in the amorphous polymeric phase in PETG-0.5 and PETG-2 composites, but information about the local crystallinity at the MWCNT surface was not obtainable using this method. Considering the diameter of pristine MWCNTs (30 nm) (Figure 4A), Figures 4H and 4J may be showing protuberant MWCNTs and free MWCNT. The suspected free MWCNTs in Figure 4H has the same tubular curve shape as pristine MWCNTs (Figure 4A). The microscopy and size results are consistent with the hypothesis that MWCNTs creating fracture points lead to the production of smaller-sized particles. The quantification of MWCNT speciation (i.e. encapsulated, protuberant, free) by SEM detected several protuberant and free MWCNTs in the released abraded nanocomposite particles.5 Microscope images of PETG-0, PETG-0.5 and PETG-2 taken with the Nikon Eclipse E-600 are shown in Figure S12 in the SI. 
[image: ]
Figure 4: Typical SEM images of produced particle from PETG-0, PETG-0.5 and PETG-2.

While protuberant or free MWCNTs could  not be confirmed in our SEM investigation, considering the diameter of pristine MWCNTs (30 nm) (Figure S1), Figures 4H and 4J may be showing protuberant MWCNTs and a free MWCNT. The suspected free MWCNT in Figure 4H has the same tubular curve shape as pristine MWCNTs (Figure S1). The presence of protuberant and free MWCNTs in polymers has been seen previously in epoxy, which is a brittle polymer like PETG, but not in TPU, which is more elastic.5, 21 Wohllenben et al., (2013) suggested that elastic polymers reflow around the MWCNTs during high power mechanical stress, limiting the presence of protuberant or free MWCNT.22 In comparison, brittle polymers, with low elongation, break and leave MWCNTs at the surface. The microscopy and size results appear to be consistent with the hypothesis that MWCNTs are creating fracture points that lead to the production of smaller sized particles, although this speculation requires further investigation. The quantification of MWCNT speciation (i.e., encapsulated, protuberant, free) by SEM is extremely time-consuming, as noted in the NanoRelease project report, and we are limited to saying that we highly suspect the presence of protuberant and free MWCNTs.5

The results of SEM imaging show that the MWCNTs are largely encapsulated in the polymer matrix, which agrees with other studies that showed almost no release of free MWCNTs was detected during the abrasion of MWCNT polymer product. However, these are limited conclusions since the images are qualitative samples and not quantitative on the amount of MWCNTs. Currently, there is no commonly agreed-upon methodology to quantify MWCNT content in an unknown sample, although some progress has been made in the past few years using spICP-MS (single particle ICP-MS).22, 57 Another way to estimate the  amount of MWCNT is using the mass of the catalysts used in MWCNT synthesis.4 We tried this using  0.1 M HNO3 acid solution and nickel as the target catalyst material. However, there was a high background of nickel found coming from the sandpaper and therefore there could not be any significant quantification of MWCNT in the abraded particles. Therefore, it was decided that the results could be impacted by a high background of Ni. A calibration curve of pristine MWCNTs is shown in the SI as figure S8.  It should also be noted that when UV or hydrolysis degradation is present, the release rate of free or protuberant MWCNTs appears to increase. Using the C-14 detection method, the fraction of MWCNT released from polycarbonate reaches 19% after 21 days in water and 35.7% after UV exposure of 1000 MJ/m2 (about 1400 h of constant irradiation) and then 21 days in water.58
Behavior of abraded material in aquatic media
Abrasion of brittle polymers like PETG increases the exposure of MWCNTs simply by enhancing the surface area to mass ratio. In addition to these direct effects, the creation of much smaller particles increases their surface area and mobility in the pollution of both atmospheric and aquatic routes. Fragmentation into smaller particles can result in increased exposure of abraded particles to light, and to hydrolytic and/or microbial breakdown can result in further increased exposure of MWCNTs. We studied the potential behavior of produced particles in three aquatic media as well as the influence of MWCNTs present at the surface. MWCNTs associated with the polymer matrix and the PETG matrix itself are expected to drive the particle behavior. We focused on released particles in aquatic media (distilled, wetland water and sea water).  Ionic species present in seawater can alter the surface of the particles’ charge, which induces high agglomeration. In wetland water, organic materials are expected to adsorb onto hydrophobic particles’ surfaces, which stabilizes the particles. Zeta potentials of particles in the three different aquatic media are very different. In pure MilliQ water (pH:6.5), MWCNTs are positively charged (+8 mV) and abraded particles are negatively charged with zeta potentials of -43 mV, -35 mV, and -33 mV for PETG-0, PETG-0.5, PETG-2, respectively. As the MWCNT content rises, the zeta potential increases, confirming the presence of positively charge MWCNTs at the produced particles’ surface (Figure 5), consistent with previous observations.27
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Figure.5: Zeta potential of particles (PETG-0, PETG-0.5 and PETG-2) and MWCNTs in aquatic media (pure water, wetland water and sea water)

The same trend is observed in wetland water (ph: 8.3) with zeta potentials of -24.9 mV, -20.0 mV, and -19.9 mV for PETG-0, PETG-0.5, PETG-2, respectively, while the MWCNT zeta potential is -14.5 mV. The organic matter or humic acids (HA) naturally present in the wetland water neutralizes the positive charges of MWCNT surface and screen the negative surface charges of polymer particles.29, 30 In ocean water, all materials’ charges are screened by the high ionic strength, resulting in the overall charge of the materials between 0 mV and -4 mV. These results show the importance of aquatic media composition to the degree of MWCNT influence on fragmented particle surface charge. 

It should be noted that the rough size fractionation summarized in Figure 6 for various aquatic media is only a first assessment and does not take into consideration many other factors such as bacterial and UV degradation, biofilm formation, hetero-aggregation, and flow, that can play a role in modifying particle properties and will ultimately affect their fractionation into settleable, colloidal, and floating partitions. As an example, UV degradation of PETG creates aliphatic alcohol, anhydride, benzoic acid, double bonds, and aliphatic acid as end-groups and molecular terephthalic acid at the surface.  This leads to an increase in particle hydrophilicity that can potentially have a strong impact on particle behavior and aggregation.30 Furthermore, the concentration of particles used in these experiments (2 g/L) was chosen to ensure a proper mass balance, but is not representative of either expected microplastic or MWCNT concentration in aquatic media under real-world use scenarios.29-34 
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Figure. 6: Mass balance of particles (PETG-0, PETG-0.5, and PETG-2) in aquatic media (MilliQ, wetland water, and sea water).

As shown in Figure 6, for all polymer and water types, the majority of particles settled (mass fractions between 88 % and 81 %), some floated at the surface (mass fractions between 15 % and 6 %), and the rest were stable in the suspension (mass fractions between 11 % and 3 %). These different fractions imply possible differences in weather conditions associated with UV exposure, microbial activity in the sediments, and wave action. For all particles, the type of water did not seem to strongly influence the particle partitioning. A minor effect can be seen in wetland water with a rise of colloid fraction, caused by OM attachment acting as a stabilizing agent.59 A stronger effect of MWCNTs can be observed with the increase in floated fraction and a decrease in the settling fraction in comparison to pure polymer particles. In particles containing MWCNTs, the higher hydrophobicity of PETG-0.5 and PETG-2 particles can explain an increase of particle fraction at the interface of water and air. Because of hydrophobic interaction, when incorporated in water, particles agglomerate strongly into millimeter-sized particles. However, because of the high agglomeration, it was impossible to measure the size distribution by SLS. Even with the PETG-0 particles that are highly negatively charged, the hydrophobic interactions are stronger than electrostatic repulsion forces leading to particle agglomeration. 

This study presents the use of a novel abrasion protocol where power is quantified. This allows for comparison and rank-ordering of nano-enabled products based on their MNM release potentials and enables building of robust release databases. Based on these abrasion studies, the PETG matrix was found to control MWCNT exposure and  the released particles were microplastics containing MWCNTs.  Qualitative SEM and paired microscope images showed that MWCNTs slightly influenced the morphology of released particles and showed some embedded and protuberant MWCNTs. Results of their potential fate and behavior in the environment were studied using particle surface properties (zeta potential and hydrophobicity). From these results we conclude that while the potential exposure to free MWCNTs from nancomposites appears to be low but requires further investigation of possible free MWCNT release from abraded plastic materials.

Future efforts to quantify the effects of different matrices and release scenarios on released MNM-induced toxicity are necessary. There are few studies presenting toxicity data of released MNMs show with nanocomposite matrix-controlled toxicity. Smulders et al. (2014) compared the toxicity of pristine MNMs to released MNMs embedded in a paint matrix in a murine model.60 In a complex paint matrix, little to no adverse toxicological effects were identified with the matrix quenching MNM-induced toxicity in comparison to their pristine counterpart. In addition, tests with epoxy nanocomposites including MWCNTs in mice have shown that there the dusts of epoxies (with and without CNTs) cause DNA damage in lungs and no additive effect of CNTs.61 A study comparing seven papers for the toxicity of sanding nanocomposites found that for paints and plastics, silica, titania and CNT additives made no additional toxicity except for possible liver effects.27 However, they researched primarily polyamide, polystyrene and rubbers.27 Based on the resulting data results, abrasion is dependent most likely on the matrix (although more studies need to be done on other matrices) and therefore based on this hypothesis PETG will release nanofillers at a rate that may differ based on the polymer matrix (e.g., Amorim and co-workers.27) Combined with toxicity data exposure estimates obtained using this method might be used to assess risks associated with plastic use  in future consumer product testing.
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