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Abstract: Nanocoatings have numerous potential applications in the indoor environment, such
as flooring finishes with increased scratch- and wear-resistance. However, given concerns about
the potential environmental and human health effects of nanomaterials, it is necessary to develop
standardized methods to quantify nanomaterial release during use of these products. One key choice
for mechanical wear studies is the abrasion wheel. Potential limitations of different wheels include
the release of fragments from the wheel during abrasion, wearing of the wheel from the abrasion
process, or not releasing a sufficient number of particles for accurate quantitative analysis. In this
study, we evaluated five different wheels, including a typically used silicon oxide-based commercial
wheel and four wheels fabricated at the National Institute of Standards and Technology (NIST),
for their application in nanocoating abrasion studies. A rapid, nondestructive laser scanning confocal
microscopy method was developed and used to identify released particles on the abraded surfaces.
NIST fabricated a high performing wheel: a noncorrosive, stainless-steel abrasion wheel containing a
deep cross-patch. This wheel worked well under both wet and dry conditions, did not corrode in
aqueous media, did not release particles from itself, and yielded higher numbers of released particles.
These results can be used to help develop a standardized protocol for surface release of particles from
nanoenabled products using a commercial rotary Taber abraser.

Keywords: nanorelease; nanofiller; nanotechnology environmental health and safety; laser scanning
confocal microscopy; abrasion; wheel; wear; nanocoating

1. Introduction

One recent innovation to substantially improve the properties of polymeric materials has been
to incorporate nanoparticles (i.e., particles having at least one external dimension less than 100 nm)
as nanofillers [1–3]. Although the use of nanofillers has resulted in a projected multibillion dollar
industry in coatings, paints, and adhesives [4], these products could be exposed to mechanical stresses
(e.g., abrasion) throughout their lifecycle, to weathering (e.g., UV radiation) while exposed to outdoor
environments [5–7], and to additional stresses, such as incineration and chemical dissolution during
disposal and recycling [6–9], that have the potential to cause nanoparticle release. Although all coatings,
paints, and adhesives will be subjected to these stresses, they are especially important for products with
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nanofillers, given concerns about potential environmental and human health impacts from released
particles [10–21].

These potential concerns make the development of quantitative methods for determining the
release of nanoparticles after various stresses a key research topic. Substantial research on release after
drilling, polishing, sanding, and abrasion [8,22–29] of nanoparticle-containing products has revealed
that nanoparticles are typically not released by themselves, but they are more often at least partly
embedded in released fragments of the material matrix [6]. Although there have been numerous
studies on nanoparticle release during outdoor applications, where weathering or a combination of
weathering and abrasion may cause release [5,30–41], few studies have been conducted for release
in the indoor environment, where people have the potential for exposure to nanoparticles applied
as additives in flooring coatings and interior paints. Nanoparticle release can occur in the indoor
environment as a result of scraping, mopping, and other abrasive activities. An additional complication
related to assessing the release of nanoparticles that accumulate on a material surface after abrasion is
that methods are not yet developed, unlike the fairly mature techniques used for quantifying particles
released into air [22–26,28,30].

One challenge in previous abrasion studies is that some wheels were shown to release particles
themselves during the abrasion process [30]. In addition, common commercial abrasive wheels, which
are composed of alumina or silica particles embedded in a rubber binder, are not suitable for studies of
nanoparticle release from nanocoatings where the nanoparticles (alumina or silica nanoparticles) in the
nanofiller may be composed of the same elements. The alternative approach to avoid this issue is to use
metallic wheels. However, the only commercially available metal wheel is composed of wear-resistant
tungsten carbide. This wheel has a deep-cut and rough surface texture, which tends to hold released
particles in the deep groves and may limit the number of released particles. Thus, research is needed
to investigate the use of metallic wheels that have surface textures similar to those of the rubber binder
wheels for generating sufficient released particles while avoiding release of material from the wheel
itself. A systematic study of abrasion wheels is also needed since nanoparticles may harden coatings
and affect the wear ability of coatings by abrasive wheels.

The main objective of this study was to identify an abrasion wheel or wheels that
have an appropriate surface profile (i.e., surface roughness and pattern) to effectively abrade
nanoparticle-containing polymer coatings and paints, without generating particles from the wheel itself
during either dry or wet abrasion. Such a wheel(s) could become a “standard” or a recommended wheel
for studies of nanoparticle release by the mechanical forces applied to coated and painted surfaces
when assessing airborne release or released particles that remain on a sample surface. Previously,
only a limited number of studies assessing airborne release of particles after mechanical wear of
nanoenabled products have assessed the potential for the wheel itself to release particles [24,26,27].
This study tested five different wheels to evaluate their performance during abrasion experiments
and the number of released particles on the sample surface after abrasion. Assessing the released
particles on a sample surface is important because particles that remain on a sample surface after
being released from a coating could lead to dermal or oral exposure. A secondary objective was the
development of a laser scanning confocal microscopy (LSCM) method which can be used to quantify
the concentration of surface-associated particles after the abrasion process even for rough surfaces
which challenge analysis using other techniques such as scanning electron microscopy (SEM) and
atomic force microscopy (AFM).

2. Materials and Methods

2.1. Preparation of Materials for Abrasion

A commercial water-based polyurethane (PU) coating was chosen for this study and was applied
to a wood substrate (Figure S1). Information about this polymeric material containing nanoparticles
was provided to the National Institute of Standards and Technology (NIST) from a nanoparticle
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supplier (BYK USA Inc., Wallingford, CT, USA). The PU was a typical clear polymer coating used
for hardwood flooring. The coating was purchased at a local home improvement store. There are no
inorganic compounds indicated in the material safety data sheet (MSDS) for the PU coating issued by
the manufacturer. However, according to the nanoparticle manufacturer, this PU coating contained
small amounts of alumina (Al2O3) nanoparticles. Hereafter, the floor coating containing nanoparticles
is designated as a nanocoating (NC).

Nanocoated wood disc specimens (9.6 cm in diameter) were prepared for wet and dry abrasion;
detailed information is described in the Supplementary Material (SM). The dry film thicknesses of the
NC were (256 ± 16) µm measured by a caliper (the number after the ± symbol indicates one standard
deviation based on four measurements of independent samples). The coating material in the middle
holes of the coated discs was removed by a drill before use. In addition to NC specimens on wood
substrates for abrasion studies, free-standing films including dog bone samples, having a thickness of
approximately 200 µm, were also prepared for evaluating a variety of properties of the NC materials.
To produce a free-standing film, a single layer of NC was applied on a Mylar sheet, and the samples
were then cured for two weeks.

A 1% nanoAl2O3 polyurethane floor coating and a 1.2% nanoTiO2 latex paint were also prepared
to evaluate the potential for the rubber wheels to release particles themselves during abrasion. A full
description of the sample preparation for these samples is provided in the SM. The 1% nanoAl2O3

sample was also evaluated to assess if there would be a different concentration of surface-associated
particles in the absence and presence of the abrasion system vacuum during abrasion. All other
measurements were performed on the NC described above.

2.2. Characterization of Initial Nanocoating Properties

Various initial properties of the NC that are relevant to this study were measured and are
given in Table S1. Results are provided in the Supplementary Material (SM) for the following
measurements of the NC using a free-standing film: mechanical properties of dry and water-immersed
NC (Figure S2), thermogravimetric analysis (Figure S3), SEM and energy dispersive X-ray spectroscopy
(EDS) (Figures S4 and S5), AFM (Figure S6), and LSCM (Figure S7).

Mechanical properties (tensile strength and elastic modulus (E)) of the NC coating were measured
using an Instron testing machine (Norwood, MA, USA) at a rate of 10 mm/min until break using
dog bone specimens cut from free-standing films, according to the American Society for Testing
and Materials (ASTM) standard D638. The tensile tests were performed on films after curing and
immersion of the films in water for 1 d. These experiments were carried out to determine the effects of
immersion in water on the modulus. Reported tensile strength and modulus values are the average of
four specimens.

Glass transition temperatures (Tg) (transition temperature from glassy state to rubbery state)
of the NC were obtained using a dynamic mechanical analyzer (DMTA) (RSA III TA instruments,
New Castle, DE, USA). Measurements were performed from −100 ◦C to 150 ◦C using a temperature
ramp of 3 ◦C/min, with a frequency of 1.0 Hz and a strain of 0.5%. Tg was determined from the
maximum of the tan δ peak and was the average of four measurements from four replicate specimens.

The quantity of inorganic material in the nanocoating (NC) was measured using a
thermogravimetric analyzer (TGA) (TA instrument, New Castle, DE, USA). The analysis was carried
out in air at a heating rate of 10 ◦C/min and a sample size of approximately 7 mg. The results were the
average of five replicate samples.

Surface morphology of the initial NC surfaces was characterized by LSCM (Zeiss model LSM510,
Carl Zeiss Microscopy, LLC., Thornwood, NY, USA) in reflection mode with a laser wavelength of
543 nm. LSCM images presented in this study are two-dimensional (2D) projections in the X-Y plane,
obtained using an air lens (Objective magnification/Numerical aperture of 50×/0.5 or 150×/0.95) method.
A typical 2D LSCM image (512 pixel × 512 pixel) was formed by summing the stack of images over the
Z direction of the film. Pixel intensity represents the total amount of back-scattered light.
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Atomic force microscopy was also used to characterize surface morphology of NC before abrasion.
AFM measurements were carried out at ambient conditions (24 ◦C, 50% relative humidity) using a
Dimension 3100 system (Bruker Dimension Icon AFM, Billerica, MA, USA) and silicon probes (TESP 70,
Bruker Nano Inc., Camarillo, CA, USA). Both topographic (height) and phase images were obtained
simultaneously using a resonance frequency of approximately 300 kHz for the probe oscillation and a
free-oscillation amplitude of (62 ± 2) nm.

Scanning electron microscopy was performed using a Focused Ion Beam Scanning Electron
Microscope (FIB SEM) FEI Helios NanoLab 650 (ThermoFisher Scientific, Hillsboro, OR, USA).
Energy dispersive X-ray spectroscopy (EDXS) was performed using an Oxford Instruments X-Max
80 mm2 SDD-EDXS Detector (Oxford Instruments, NanoAnalysis, Concord, MA, USA). Additional SEM
imaging and EDS analysis for a broader image area were performed using a JEOL JSM-7600F SEM
(JEOL USA, Inc., Peabody, MA, USA).

Atomic force microscopy and SEM were only conducted on the free film samples prior to abrasion
because the surface roughness values were too high after abrasion. Instead, LSCM was used to evaluate
these samples. Similar LSCM results were obtained for NC wood disc samples and free films.

2.3. Instrumentation and Abrasion Parameters

Abrasion of NC samples under dry and wet conditions was performed using a dual specimen
table Taber rotary abraser (Model 5155, Taber, North Tonawanda, NY, USA). This abraser is widely
used to evaluate the abrasion and wear resistance of coatings and paints and is specified in several
international standards, including ASTM D 4060-14 and ISO 5470-1: 2016 (en). This type of instrument
has also been used by researchers to study nanoparticle release from polymer nanocomposites due to
mechanical forces [24,26,27]. The force exerted by the abrasion test simulates mechanical forces applied
to organic coatings and paints from activities, such as walking, chair movement, polishing actions,
and rubbing. The abraser consists of two vertical abrasive wheels rotating about a horizontal axis that
abrades the material continuously while the horizontal specimen is rotating about a vertical axis at a
fixed speed. The abrasion/rubbing action is produced by the friction at the contact line between the
material and the sliding rotation of the two wheels (setup shown in Figure S8). During this process,
the wheel creates a circular track. The abraded zone forms a circular band having a 10 mm width and
a surface area of approximately 30 cm2.

For the liquid-mediated abrasion experiments, distilled water without detergents served as the
liquid media. Conducting abrasion in liquid media was intended to represent abrasion events that
could occur under wet conditions, such as during mopping of floors. Additional steps for abrading NC
specimens in water are illustrated in Figure S8. The samples were fully immersed in water with ≈1 mm
of overlying water. All abrasions were conducted at a speed of 6.28 rad/s (60 rpm) and 1000 g loading
for 100 cycles. To evaluate the impact of the instrument vacuum being used, measurements were made
using a 1% nanoAl2O3 PU coating system. The number of particles located at the abraded nanocoating
surface was imaged with LSCM with or without the use of the vacuum, and no measurable difference
in particle count was observed (Figure S9). The abrasion operation was performed in a nanoenclosure
to avoid inhalation of released particles during the abrasion process.

The following five wheels were evaluated in this study (shown in Figure 1):

• C1: Commercial abrasion wheels having a rubberized abrading surface (mild to medium abrading
action); soft and smooth. Mechanical profiling data was not collected because the abrading surface
was too soft.

• MW1: A stainless steel wheel (410 SS, which is easy to machine)-0.0015” (38.1 µm) deep cross
patch (MW stands for metallic wheel).

• MW2: A stainless steel wheel (316 SS, chromium-nickel stainless steel with added molybdenum,
highly corrosion resistant)-0.00075” (19 µm) deep cross patch.

• MW3: Obtained by polishing MW2 wheel with 120-grit sand paper.
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• MW4: MW3 wheel sandblasted with silica-free coal slag blasting abrasives.
Nanomaterials 2020, 10, x FOR PEER REVIEW 5 of 16 

 

 

Figure 1. Side view of four of the five wheels used in this study. MW3 is not shown because a 

photograph was not taken before sandblasting to make MW4. 

Pictures of four of the five wheels are displayed in Figure 1 (a picture of the MW3 wheel was not 

taken before it was sandblasted to make the MW4 wheel). All wheels have the same width (10 mm) 

and diameter (44.4 mm). The C1 wheel is a commercial wheel, while the other four stainless steel 

wheels that have specific surface roughness and patterns were fabricated at NIST. The surface 

patterns of the MW1 and MW2 wheels are similar, but with different surface roughness. Likewise, 

the surface patterns of the MW4 and the commercial C1 wheels are similar. Stainless steel was tested 

because regular steel, although harder, was found to corrode during and after abrasion in water. 

Surface profiles and root mean square (RMS) roughness values of these wheels are shown in Figure 

S10. The ranking of surface roughness of the five wheels is as follows: MW1 > MW2 > MW4 > C1 > 

MW3. After abrasion, these wheels form a circular band having a 12.5 mm width and a surface area 

of approximately 30 cm2 on the nanocoated specimens. All results on the number and size 

distribution of release particles accumulated on the nanocoated surfaces after abrasion were based 

on measurements in this circular abraded band. 

2.4. Quantification of Released Particles on the Sample Surface 

LSCM, operating in reflection mode, is a fast, microscopic technique suitable for imaging 

particles and larger clusters of particles on a specimen surface. When combined with image analysis, 

LSCM can provide quantitative information on the number and distribution of particle sizes ranging 

from 80 nm to 10 µm. Preliminary testing of this approach was performed on 300 nm monodisperse 

polystyrene spheres (Nanobead NIST Traceable particle size standard, 300 nm, Polysciences Inc., 

Warrington, PA, USA) and 50 nm silver nanoparticles synthesized as described in [42]. 

To confirm that the particles observed using LSCM on the sample surface after abrasion are 

mainly due to the particles generated by the abrasion process, adhesive tape was used to assess if 

there was a dramatic decrease in the quantity of particles present after applying and then removing 

the adhesive tape from the sample surface. A nanoAl2O3 polyurethane coating was tested using the 

following abrasion conditions: 60 rpm (6.28 rad/s), a loading of 1000 g, and 100 abrasion cycles. For 

this purpose, Scotch tape was applied on the abraded surface and rolled forward repeatedly 10 times 

with a tweezer at an applied normal load of approximately of 255 g ± 5 g (the normal load was 

measured with a hand-held balance). The adhesive tape was immediately removed, and both the 

abraded and adhesive tape surfaces were imaged and analyzed by LSCM at 150× magnification. 

Figure 1. Side view of four of the five wheels used in this study. MW3 is not shown because a
photograph was not taken before sandblasting to make MW4.

Pictures of four of the five wheels are displayed in Figure 1 (a picture of the MW3 wheel was not
taken before it was sandblasted to make the MW4 wheel). All wheels have the same width (10 mm) and
diameter (44.4 mm). The C1 wheel is a commercial wheel, while the other four stainless steel wheels
that have specific surface roughness and patterns were fabricated at NIST. The surface patterns of the
MW1 and MW2 wheels are similar, but with different surface roughness. Likewise, the surface patterns
of the MW4 and the commercial C1 wheels are similar. Stainless steel was tested because regular
steel, although harder, was found to corrode during and after abrasion in water. Surface profiles and
root mean square (RMS) roughness values of these wheels are shown in Figure S10. The ranking of
surface roughness of the five wheels is as follows: MW1 > MW2 > MW4 > C1 > MW3. After abrasion,
these wheels form a circular band having a 12.5 mm width and a surface area of approximately 30 cm2

on the nanocoated specimens. All results on the number and size distribution of release particles
accumulated on the nanocoated surfaces after abrasion were based on measurements in this circular
abraded band.

2.4. Quantification of Released Particles on the Sample Surface

LSCM, operating in reflection mode, is a fast, microscopic technique suitable for imaging particles
and larger clusters of particles on a specimen surface. When combined with image analysis, LSCM can
provide quantitative information on the number and distribution of particle sizes ranging from 80 nm
to 10 µm. Preliminary testing of this approach was performed on 300 nm monodisperse polystyrene
spheres (Nanobead NIST Traceable particle size standard, 300 nm, Polysciences Inc., Warrington, PA,
USA) and 50 nm silver nanoparticles synthesized as described in [42].

To confirm that the particles observed using LSCM on the sample surface after abrasion are mainly
due to the particles generated by the abrasion process, adhesive tape was used to assess if there was a
dramatic decrease in the quantity of particles present after applying and then removing the adhesive
tape from the sample surface. A nanoAl2O3 polyurethane coating was tested using the following
abrasion conditions: 60 rpm (6.28 rad/s), a loading of 1000 g, and 100 abrasion cycles. For this purpose,
Scotch tape was applied on the abraded surface and rolled forward repeatedly 10 times with a tweezer
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at an applied normal load of approximately of 255 g ± 5 g (the normal load was measured with a
hand-held balance). The adhesive tape was immediately removed, and both the abraded and adhesive
tape surfaces were imaged and analyzed by LSCM at 150×magnification.

A measurement method is also under development to evaluate the airborne released particles
using this abrasion method with the results showing that the number of released particles is close to
the background concentration in the laboratory (data not shown).

3. Results and Discussion

3.1. Development of LSCM Method for Quantification of Release Particles on NC Surfaces

In general, the collected reflected light intensity is proportional to (particle size)6
× (difference

in the index of refraction between the particle and polymeric matrix)2. The smallest spot size is
80 nm, which is the detection limit of the LSCM (the smallest spot size of 80 nm is equivalent to the
length of one pixel) based upon the collecting optics in the microscope. However, the actual size of
particles below 291 nm (diffraction limit of 543 nm light for 150× objective, numerical aperture of 0.95)
cannot be fully resolved due to the diffraction limit of the reflected light. Nevertheless, particles with
sizes between 80 nm and 291 nm can be identified and their sizes can be estimated. To demonstrate
this, an example image of well-defined 300 nm polystyrene beads with a diameter smaller than the
diffraction limit of the reflected light is shown in Figure S11. Nanoparticles with dimensions below the
pixel size, 80 nm, can also still be identified but not estimated for size, since the bright spot originating
from the particle will fill the entire pixel. An example image of 50 nm silver nanoparticles, below the
80 nm spot size, is shown in Figure S12. Particles smaller than 80 nm may still be identified using
LSCM if the signal is sufficiently large and the particle is not in the vicinity of larger particles. It is
possible that the particle number could be biased by not identifying particles or by identifying more
than one particle occupying an 80 nm by 80 nm area as a single particle.

This study combined LSCM with image analysis to provide quantitative information on the
number and size distributions of released particles on the sample surface having sizes > 80 nm.
LSCM has several attributes that are attractive for the quantitative analysis of particles on the sample
surface after abrasion, including fast speed; nondestructive, noncontact, and ambient operation; and
analysis of a large sample area. In addition, LSCM has the ability to image xy slices at different
depths (z-direction) into a material, depending on the material’s refractive index, which enable LSCM
to be used for detection and quantification of the number of particles on nanocoatings with rough
surfaces features (approximately greater than 6 µm). In contrast, other commonly used nanoparticle
characterization techniques such as AFM and SEM usually collect images of particles in only one focal
plane, making it more challenging to detect all of the released particles present on rougher nanocoating
surfaces. The presence of released material on the sample surface was confirmed applying adhesive
tape on the abraded surfaces, followed by LSCM imaging of both the tape and abraded surfaces; the
tape was shown to remove 67% of the particles counted by LSCM.

A three-dimensional (3D) rendered image and 2D projection images in the X-Y and X-Z planes
are also presented to illustrate the particle distribution inside the films before abrasion (Figure S7).
To eliminate the strong reflection from the polymer-air surface, an oil lens with a magnification of 100×
and a numerical aperture of 1.3 was also used to image the particle dispersion inside the nanocoatings.

LSCM images of the abraded samples were taken at two magnifications 5× and 150×, with an
optical slice (z-step) of 2 µm for 5× and 0.1 µm for 150×, respectively, at the locations shown in
Figure 2a. LSCM graphs reported in this study are 2D projection images using Zeiss confocal software.
Image analysis was performed using the freeware ImageJ (Wayne Rasband, NIH, Bethesda, MD, USA,
https://imagej.net/ImageJ). An example of this unique methodology is illustrated in Figure 2.

https://imagej.net/ImageJ
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Figure 2. An example of using image analysis in laser scanning confocal microscopy (LSCM) to obtain
the number and size distribution of surface release particles generated by abrasion of a nanocoating
(NC). (a) a picture of an abraded specimen showing the 8 different positions where the LSCM images
were taken for analysis, (b) a 150× LSCM image of one representative abraded surface, (c) the grey level
threshold setting, (d) the highlighted particles within the image as defined by the grey level threshold
in (c), (e) the spatial distribution of highlighted particles after background removal, and (f) a bar plot of
the total particles counted for each particle size bin with bins ranging from 0.08 µm up to 1 µm. Error
bars in (f) represent one standard deviation from the average of eight measurements from four samples
(each sample was analyzed in two of the eight locations shown in (a)). The dashed line in (f) represents
the detection limit for this LSCM method as described in the text.

3.2. Surface Release Particles by Dry Abrasion

To assess the most suitable wheel type for use in abrasion studies, four metallic wheels (MW1,
MW2, MW3, and MW4) with different surface patterns and roughness values, and one commercial
wheel composed of rubber abrasives that is widely used for evaluation of coatings, C1, were evaluated.
Representative LSCM images were taken at two different magnifications for NC surfaces abraded using
the five wheels (Figure 3). The bright regions in an LSCM image are due to greater light reflection from
materials that are at or above the surface; and the darker regions represent less-reflective materials,
or those that are below the surface. In general, metallic particles reflect more light than polymers in a
given plane as described in the SM. Thus, the bright particles observed in these images are likely loose
particles generated by the abrasion process, i.e., surface release particles (release particles deposited on
abraded surfaces).
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Figure 3. LSCM images taken at 50× and 150× magnifications on dry abraded NC surfaces by five
different wheels. Abrasion was performed using the following parameters: 6.28 rad/s (60 rpm) speed,
1000 g applied force, 100 cycles, and the vacuum turned off. Sq (Root mean square (RMS) surface
roughness values), in µm, are also included below each image for comparison. The results are
mean ± one standard deviation value from eight measurements (two measurements were made on
each of four specimens).

The surface roughness values of NCs abraded by the five wheels (using the LSCM 169 µm× 169 µm
[50×] and 56 µm × 56 µm [150×] scan sizes) are presented in Figure 3. It should be noted that larger
scan size images generally represent the average surface roughness better than smaller scan size
images, because roughness values obtained within smaller dimensions do not capture the larger surface
features [43]. This is why roughness values differ depending upon magnification used. Despite a
marked difference in their surface profiles, the MW1 and MW2 wheels produced essentially the same
abraded surface roughness. The roughness values obtained after abrasion with the MW4 wheel were
lower than those of MW1 or MW2. All MW abrasion wheels produced rougher surfaces than the C1
abrasion wheel. Furthermore, the MW3 wheel produced the smoothest abraded surface, as predicted,
based on the surface profile shown in Figure S10. Surface roughness values of NCs abraded by the five
wheels had the following decreasing order: MW2 ≈MW1 > MW4 > C1 > MW3.

While the detection limit of LSCM hinders quantification of nanoparticles smaller than 80 nm,
previous studies have shown little evidence of released particles from abrasion with diameters smaller
than 100 nm [24,25,27,44,45]. The size distribution of airborne particles emitted by an abraser for
polymer nanocomposites containing nanoZnO [25], nanoTiO2 [27], and MWCNT [24] has been reported
to include particle sizes ranging from 0.1 µm to 50 µm. Furthermore, the majority of particles released
during abrasion of polymer coatings and paints were found to contain nanoparticles embedded in
the polymer.

The effect of wheel type on the number and size distribution of surface release particles for NCs
was investigated (Figure 4) using the images at 150×. The majority of the released particles on the NC
surface had a size ranging from 0.08 µm to 0.6 µm, with 95 ± 1 percent between 0.08 µm and 0.3 µm
(Figure 4b). Figure 4b shows that the number of surface release particles generally decreased with
increasing particle size, with the largest number for 0.08 µm and the smallest for 0.6 µm to 0.9 µm.

MW1, MW2, and MW4 generated close to the same total number of surface release particles
for the NCs, while the two smoother wheels (MW3 and C1) produced fewer particles (Figure 4),
indicating that the number of surface release particles depends strongly on the type of abrasive wheel.
The smoothest wheel (MW3) generated the fewest surface release particles (only one third of the
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amount released from MW4). In addition, the coefficients of variation (standard deviation divided
by the mean) of wheels C1, MW1, MW2, MW3, and MW4 were 0.122, 0.161, 0.312, 0.536, and 0.294,
respectively. No data on the unabraded NC surface is presented here because there are only a few
particles on the unabraded NC surface (Figure S7a). Wheel MW3 had the highest coefficient of variation,
indicating that it was the least reproducible wheel to use for nanoparticle release studies. Wheels MW2
and MW4 also produced relatively high coefficients of variation, but were less variable than MW3.
Undoubtedly, the abraded surface features, the relative grey level threshold selection in the image
analysis, and the variability of particle distribution on the surface during the repeated abrasion also
contributed to the high standard deviation values. It is also noted that surface release particles tend to
accumulate on the edge of the circular abraded ring and redistribute on the abraded surfaces after each
cycle. Therefore, further investigation of the profile/surface roughness of the wheel(s) and abrasion
parameters (number of cycles, loads) is needed to generate reproducible release of particles from NC
by abrasion.
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Figure 4. Total number (a) and size distribution (b) of released particles on the sample surface per 1 mm2

abraded area of NC for the five wheels. The data were obtained using 150× images. The results are the
average of eight measurements (two measurements were made in each of four replicate specimens),
and the error bars represent one standard deviation. The dashed line in part (b) represents the detection
limit for this LSCM method. Note that the number of particles on the vertical axis in part (b) is expressed
with a logarithmic scale.
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3.3. Effects of Wheel Type on Surface Release Particles by Abrasion in Liquid

To achieve better statistics for release particles and mass loss analyses, a wheel that generates
a higher number of released particles is preferred. In this case, MW2 and MW4 were chosen for
additional analysis with abrasion of the NC specimens in water. MW1 was not selected because it was
made of less corrosion-resistant stainless steel, and MW1 and MW4 have similar roughness and surface
patterns. The MW3 wheel was not used for additional testing because it had the highest coefficient
of variation value. The C1 wheel was not used because it was shown to release particles from itself
during abrasion (Figure 5).
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Figure 5. Photographs of (a) a 1% nanoAl2O3 coating on polyurethane and (b) a TiO2 nanopaint on
drywall after abrasion with a commercial C1 wheel. Green particles having the same color as the
abrasion wheel were observed on the circular tracks of the both samples, suggesting that the material
was released by the wheel itself. The instrument vacuum was turned off during these measurements.

Figure 6 displays representative LSCM images obtained at two different magnifications for NC
surfaces abraded in water using two different metallic wheels, MW2 and MW4 (for surface profile and
roughness of these two wheels, see Figure S10). The MW4 wheel released more particles of all sizes
than the MW2 wheel and 40 percent to 50 percent more particles with sizes <2.0 µm (Figure 7). For both
wheels, the results show that the majority of particle sizes generated by wet abrasion were between
0.08 µm and 0.3 µm, a result similar to what we observed for dry abrasion. However, under the same
parameters, and for all particle sizes, wet abrasion yielded two times to three times more surface
release particles, compared to dry abrasion. As shown in Figure S2 and Table S1, the ultimate tensile
strength (at break) and modulus values of the NC, after water saturation, were less than half and one
quarter, respectively, of their initial values. This substantial decrease in mechanical properties helps
explain the greater number of released particles during abrasion of NC in water, where the samples
were fully immersed. Additionally, the coefficients of variation for surface release particles by wet
abrasion are lower than those produced by dry abrasion.
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Figure 6. LSCM images taken at two magnifications for wet abrasion of NC using two different
metallic wheels (MW2 and MW4). Abrasion parameters: 6.28 rad/s (60 rpm) speed; 1000 g applied
force, and 100 cycles. Sq (RMS surface roughness values), in µm, are also included below each image
for comparison. The results are mean ± one standard deviation value from eight measurements
(two measurements were made on each of four specimens).
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Figure 7. Total number (a) and size distribution (b) of released particles on the sample surface per
1 mm2 abraded area of NC for MW2 and MW4. The data were obtained using 150× images. No data
on the unabraded NC surface is presented here because there are only a few particles on the unabraded
NC surface (Figure S7a). The results are the average of eight measurements (two measurements were
made in each of four specimens), and the error bars represent one standard deviation. The dashed line
in part (b) represents the detection limit for this LSCM method. Note that the number of particles on
the vertical axis in part (b) is expressed with a logarithmic scale.

4. Conclusions

A substantial number of released particles were detected on the NC surface after abrasion in
both water and in air, with 2 to 3 times more particles generated during wet abrasion (Figures 3, 4
and 6). The sizes of surface release particles of both nanocoatings abraded in air and in water varied
between 0.08 µm and 0.6 µm, with 95 ± 1 percent of the particles observed in the 0.08 µm to 0.3 µm
range. For both conditions, the number of surface release particles decreased with increasing size.
Additional work is needed to investigate how to capture these released particles, including both the
surface-located and airborne particles, for further characterization or use in other experiments (e.g.,
toxicity assays).
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Overall, MW2 and MW4 were both suitable for abrasion under wet and dry conditions. The other
wheels had substantive limitations: the MW1 wheel was corrodible under wet conditions; the MW3
wheel yielded the most variable results; and the C1 wheel released particles itself during abrasion,
as shown in Figure 5. Although the MW4 yielded a higher total number of released particles on the
sample surface during abrasion under wet conditions, the MW2 wheel was selected as the optimal wheel
because it was straightforward to produce, which is an important factor in choosing an abrasion wheel
for a standardized method. In contrast, MW4 required an additional sand-blasting step, which offsets
its advantage of releasing more particles.

The results described in this study can help advance the science in the nanoparticle release area
by highlighting potential pitfalls of using some wheels (e.g., the potential for release of particles from
the wheels themselves which could bias the results), guiding authors toward using robust wheels
for future studies, and providing a method for quantifying surface-located particles using LSCM.
The methods described in this Communication can help support other researchers in future studies to
investigate the mechanisms involved for the release of different nanofillers from NC specimens under
different uses. In addition, researchers may now use the information provided in this manuscript to
generate particles with suitable abrasion wheels for use in ecological and health risk assessment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/8/1445/s1,
Figure S1. (a) Three 9.6 cm diameter discs having a 6.25 mm hole in the center milled from a wood panel; (b) 9.6 cm
diameter discs inserted in a three circular perforation Teflon mold, and (c) liquid coating applied to the wood discs
using a draw down applicator to generate nanocoated wood disc specimens used for abrasion in air and water,
Figure S2. Representative stress-strain curves of NC before (upper) and after immersion in water for 1 d (lower),
Figure S3. Representative TGA curve of NC using air as the carrier gas and a heating rate of 10 ◦C/min, Figure S4.
EDS spectrum of the surface of non-abraded NC samples. The scale bar is 10 µm, Figure S5. SEM image (a) and
four EDXS spectra (b) from a NC sample cross section (the locations where the spectra were collected are indicated
in the SEM image), Figure S6. AFM images of unabraded NC replicates at three different magnifications. For each
AFM pair, the height image is on the left and the phase image is on the right. The image sizes are included below
each image, Figure S7. 2D LSCM images of unabraded NCs obtained using (a) air lens in X-Y project @ 150×
(b) 3D images using an oil immersion lens (100×) (c) in X-Y projection and (d) in X-Z projection. The image sizes
are included below each image, Figure S8. Instrument setup for abrasion in water:(a) accessory for abrasion in
water; (b) a coated wood specimen (dia. = 9.6 cm) in the accessory; (c) a specimen on the accessory mounted on
the rotary abraser, and (d) same as (c) but with addition of distilled water so that there was ≈1 mm of overlying
water, Figure S9. Effect of vacuum on the number and size distribution of surface-located released particles of the
1% nanoAl2O3 polyurethane floor coating; (a) with the vacuum on and (b) with no vacuum. A C1 wheel was
used, and the abrasion parameters were the following: speed: 60 rpm, loading of 1000 g, number of cycles:100.
Error bars represent one standard deviation. All measurements were conducted away from green particle cluster
areas, Figure S10. The surface profiles and roughness values of three different metallic wheels were measured
with a profilometer: MW1, MW2 (including MW3), and MW4. Here Rq is the RMS (root-mean-square) roughness,
Figure S11. LSCM image at 50× (169 µm × 169 µm) of 300 nm diameter polystyrene beads. Despite being below
the diffraction limit (308 nm) of the incident/reflected 543 nm light, these beads are detectable and their size can
be estimated to be 300 nm. The size becomes more challenging to estimate with decreasing size but still can
be estimated down to the smallest spot size of the detector, which is 80 nm, Figure S12. LSCM image (150×,
56 µm × 56 µm) (top) compared to SEM image (56 µm × 56 µm) of 50 nm particles (bottom), below the 80-nm spot
size (or pixel size) possible with the LSCM detector. Particles with sizes below 80 nm can be observed with LSCM,
but show up as bright spots that fill a pixel. With a lot of particles in close proximity to each other, neighboring
pixels can give the illusion of larger particles being present, Table S1. Relevant initial properties of NC used in this
study. The uncertainties represent one standard deviation from at least 3 specimens.

Author Contributions: Conceptualization, L.-P.S. and T.N.; methodology, L.-P.S., D.G.G.J.; formal analysis and
investigation, Y.-F.C., H.-C.H., D.G.G.J.; data curation and validation, Y.-F.C., H.-C.H., D.G.G.J., P.S.; visualization:
Y.-F.C., H.-C.H., D.G.G.J., E.J.P.; writing—original draft preparation, L.-P.S., Y.-F.C., T.N., D.G.G.J.; writing—review
and editing, L.-P.S., D.G.G.J., E.J.P.; resources, supervision and project administration, L.-P.S.; funding acquisition,
T.T. All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported through an interagency agreement between the U.S. Consumer Product
Safety Commission and the U.S. National Institute of Standards and Technology.

Acknowledgments: The authors gratefully acknowledge project funding provided by the Consumer Product
Safety Commission (CPSC), as well as the assistances of the following NIST staff: Eric Byrd and John Hettenhouser,
for abrasion instrumentation and specimen fabrication.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2079-4991/10/8/1445/s1


Nanomaterials 2020, 10, 1445 14 of 16

Disclaimer: Mention of trade names or commercial products does not constitute endorsement or recommendation
for use, nor does it imply that alternative products are unavailable or unable to be substituted after appropriate
evaluation. Certain commercial entities, equipment, or materials may be identified in this document in order
to describe an experimental procedure or concept adequately. Such identification is not intended to imply
recommendation or endorsement by the National Institute of Standards and Technology or the U.S. Consumer
Product Safety Commission nor is it intended to imply that the entities, materials, or equipment are necessarily
the best available for the purpose. The findings and conclusions in this paper are those of the authors and do not
necessarily represent the views of the U.S. NIST or the U.S. Consumer Product Safety Commission.

References

1. Potts, J.R.; Dreyer, D.R.; Bielawski, C.W.; Ruoff, R.S. Graphene-based polymer nanocomposites. Polymer
2011, 52, 5–25. [CrossRef]

2. Pavlidou, S.; Papaspyrides, C.D. A review on polymer-layered silicate nanocomposites. Prog. Polym. Sci.
2008, 33, 1119–1198. [CrossRef]

3. Zou, H.; Wu, S.S.; Shen, J. Polymer/silica nanocomposites: Preparation, characterization, properties, and
applications. Chem. Rev. 2008, 108, 3893–3957. [CrossRef]

4. Moukwa, M. Fascinating Technology advances on the anvil in the coatings industry. Chem. Ind. Digest 2011,
24, 142–153.

5. Nguyen, T.; Petersen, E.J.; Pellegrin, B.; Gorham, J.M.; Lam, T.; Zhao, M.H.; Sung, L.P. Impact of UV
irradiation on multiwall carbon nanotubes in nanocomposites: Formation of entangled surface layer and
mechanisms of release resistance. Carbon 2017, 116, 191–200. [CrossRef]

6. Froggett, S.J.; Clancy, S.F.; Boverhof, D.R.; Canady, R.A. A review and perspective of existing research on the
release of nanomaterials from solid nanocomposites. Part. Fibre Toxicol. 2014, 11, 17. [CrossRef]

7. Nowack, B.; David, R.M.; Fissan, H.; Morris, H.; Shatkin, J.A.; Stintz, M.; Zepp, R.; Brouwer, D. Potential release
scenarios for carbon nanotubes used in composites. Environ. Int. 2013, 59, 1–11. [CrossRef]

8. Petersen, E.J.; Zhang, L.W.; Mattison, N.T.; O’Carroll, D.M.; Whelton, A.J.; Uddin, N.; Nguyen, T.; Huang, Q.;
Henry, T.B.; Holbrook, R.D.; et al. Potential release pathways, environmental fate, and ecological risks of
carbon nanotubes. Environ. Sci. Technol. 2011, 45, 9837–9856. [CrossRef]

9. Mitrano, D.M.; Motellier, S.; Clavaguera, S.; Nowack, B. Review of nanomaterial aging and transformations
through the life cycle of nano-enhanced products. Environ. Int. 2015, 77, 132–147. [CrossRef]

10. Edgington, A.J.; Petersen, E.J.; Herzing, A.A.; Podila, R.; Rao, A.; Klaine, S.J. Microscopic investigation of
single-wall carbon nanotube uptake by Daphnia magna. Nanotoxicology 2014, 8, 2–10. [CrossRef]

11. Waissi-Leinonen, G.C.; Petersen, E.J.; Pakarinen, K.; Akkanen, J.; Leppanen, M.T.; Kukkonen, J.V.K. Toxicity of
fullerene (C60) to sediment-dwelling invertebrate Chironomus riparius larvae. Environ. Toxicol. Chem. 2012,
31, 2108–2116. [CrossRef] [PubMed]

12. Hirsch, C.; Roesslein, M.; Krug, H.F.; Wick, P. Nanomaterial cell interactions: Are current in vitro tests
reliable? Nanomedicine 2011, 6, 837–847. [CrossRef]

13. Kaiser, J.P.; Roesslein, M.; Diener, L.; Wick, P. Human health risk of ingested nanoparticles that are added as
multifunctional agents to paints: An In Vitro study. PLoS ONE 2013, 8, e83215. [CrossRef]

14. Roesslein, M.; Hirsch, C.; Kaiser, J.P.; Krug, H.F.; Wick, P. Comparability of in Vitro tests for bioactive
nanoparticles: A common assay to detect reactive oxygen species as an example. Int. J. Mol. Sci. 2013, 14,
24320–24337. [CrossRef]

15. Mao, L.; Lu, C.; Lu, K.; Su, Y.; Gu, C.; Huang, Q.G.; Petersen, E.J. Exposure of few layer graphene to
Limnodrilus hoffmeisteri modifies the graphene and changes its bioaccumulation by other organisms. Carbon
2016, 109, 566–574. [CrossRef] [PubMed]

16. Mortimer, M.; Petersen, E.J.; Buchholz, B.A.; Orias, E.; Holden, P.A. Bioaccumulation of multiwall carbon
nanotubes in tetrahymena thermophila by direct feeding or trophic transfer. Environ. Sci. Technol. 2016, 50,
8876–8885. [CrossRef] [PubMed]

17. Elliott, J.T.; Rosslein, M.; Song, N.W.; Toman, B.; Kinsner-Ovaskainen, A.; Maniratanachote, R.; Salit, M.L.;
Petersen, E.J.; Sequeira, F.; Romsos, E.; et al. Toward achieving harmonization in a nanocytotoxicity assay
measurement through an interlaboratory comparison study. Altex Altern. Anim. Exp. 2017, 34, 201–218.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.polymer.2010.11.042
http://dx.doi.org/10.1016/j.progpolymsci.2008.07.008
http://dx.doi.org/10.1021/cr068035q
http://dx.doi.org/10.1016/j.carbon.2017.01.097
http://dx.doi.org/10.1186/1743-8977-11-17
http://dx.doi.org/10.1016/j.envint.2013.04.003
http://dx.doi.org/10.1021/es201579y
http://dx.doi.org/10.1016/j.envint.2015.01.013
http://dx.doi.org/10.3109/17435390.2013.847504
http://dx.doi.org/10.1002/etc.1926
http://www.ncbi.nlm.nih.gov/pubmed/22740114
http://dx.doi.org/10.2217/nnm.11.88
http://dx.doi.org/10.1371/journal.pone.0083215
http://dx.doi.org/10.3390/ijms141224320
http://dx.doi.org/10.1016/j.carbon.2016.08.037
http://www.ncbi.nlm.nih.gov/pubmed/28694548
http://dx.doi.org/10.1021/acs.est.6b01916
http://www.ncbi.nlm.nih.gov/pubmed/27398725
http://dx.doi.org/10.14573/altex.1605021
http://www.ncbi.nlm.nih.gov/pubmed/27684074


Nanomaterials 2020, 10, 1445 15 of 16

18. Hanna, S.K.; Cooksey, G.A.; Dong, S.; Nelson, B.C.; Mao, L.; Elliott, J.T.; Petersen, E.J. Feasibility of using a
standardized Caenorhabditis elegans toxicity test to assess nanomaterial toxicity. Environ. Sci. Nano 2016, 3,
1080–1089. [CrossRef]

19. Nelson, B.C.; Petersen, E.J.; Marquis, B.J.; Atha, D.H.; Elliott, J.T.; Cleveland, D.; Watson, S.S.; Tseng, I.H.;
Dillon, A.; Theodore, M.; et al. NIST gold nanoparticle reference materials do not induce oxidative DNA
damage. Nanotoxicology 2013, 7, 21–29. [CrossRef]

20. Deng, Y.; Petersen, E.J.; Challis, K.E.; Rabb, S.A.; Holbrook, R.D.; Ranville, J.F.; Nelson, B.C.; Xing, B.
Multiple Method Analysis of TiO2 Nanoparticle Uptake in Rice (Oryza sativa L.). Plants. Environ. Sci. Technol.
2017, 51, 10615–10623. [CrossRef]

21. Hanna, S.K.; Montoro Bustos, A.R.; Peterson, A.W.; Reipa, V.; Scanlan, L.D.; Hosbas Coskun, S.; Cho, T.J.;
Johnson, M.E.; Hackley, V.A.; Nelson, B.C.; et al. Agglomeration of escherichia coli with positively charged
nanoparticles can lead to artifacts in a standard caenorhabditis elegans toxicity assay. Environ. Sci. Technol.
2018, 52, 5968–5978. [CrossRef] [PubMed]

22. Bello, D.; Wardle, B.L.; Yamamoto, N.; de Villoria, R.G.; Garcia, E.J.; Hart, A.J.; Ahn, K.; Ellenbecker, M.J.;
Hallock, M. Exposure to nanoscale particles and fibers during machining of hybrid advanced composites
containing carbon nanotubes. J. Nano. Res. 2009, 11, 231–249. [CrossRef]

23. Bello, D.; Wardle, B.L.; Zhang, J.; Yamamoto, N.; Santeufemio, C.; Hallock, M.; Virji, M.A. Characterization of
exposures to nanoscale particles and fibers during solid core drilling of hybrid carbon nanotube advanced
composites. Int. J. Occ. Saf. Environ. Health 2010, 16, 434–450. [CrossRef]

24. Schlagenhauf, L.; Chu, B.T.T.; Buha, J.; Nuesch, F.; Wang, J. Release of carbon nanotubes from an epoxy-based
nanocomposite during an abrasion process. Environ. Sci. Technol. 2012, 46, 7366–7372. [CrossRef]

25. Gohler, D.; Stintz, M.; Hillemann, L.; Vorbau, M. Characterization of nanoparticle release from surface
coatings by the simulation of a sanding process. Ann. Occup. Hyg. 2010, 54, 615–624. [CrossRef]

26. Vorbau, M.; Hillemann, L.; Stintz, M. Method for the characterization of the abrasion induced nanoparticle
release into air from surface coatings. J. Aerosol Sci. 2009, 40, 209–217. [CrossRef]

27. Golanski, L.; Gaborieau, A.; Guiot, A.; Uzu, G.; Chatenet, J.; Tardif, F. Characterization of abrasion-induced
nanoparticle release from paints into liquids and air. J. Phys. Conf. Ser. 2011, 304, 012062. [CrossRef]

28. Sachse, S.; Silva, F.; Zhu, H.J.; Irfan, A.; Leszczynska, A.; Pielichowski, K.; Ermini, V.; Blazquez, M.;
Kuzmenko, O.; Njuguna, J. The effect of nanoclay on dust generation during drilling of pa6 nanocomposites.
J. Nanomater. 2012. [CrossRef]

29. Schlagenhauf, L.; Buerki-Thurnherr, T.; Kuo, Y.Y.; Wichser, A.; Nuesch, F.; Wick, P.; Wang, J. Carbon nanotubes
released from an epoxy-based nanocomposite: Quantification and particle toxicity. Environ. Sci. Technol.
2015, 49, 10616–10623. [CrossRef]

30. Wohlleben, W.; Brill, S.; Meier, M.W.; Mertler, M.; Cox, G.; Hirth, S.; von Vacano, B.; Strauss, V.; Treumann, S.;
Wiench, K.; et al. On the lifecycle of nanocomposites: Comparing released fragments and their In-Vivo
hazards from three release mechanisms and four nanocomposites. Small 2011, 7, 2384–2395. [CrossRef]

31. Wohlleben, W.; Meier, M.W.; Vogel, S.; Landsiedel, R.; Cox, G.; Hirth, S.; Tomović, Ž. Elastic CNT–polyurethane
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