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ARTICLE INFO ABSTRACT

Keywords: Improvement of methods to quantify the release and characterization of engineered nanomaterials (ENMs) from
Nanomaterial nano-enabled products is essential to enhance the accuracy and usability of environmental health and safety
Coatings evaluations. An anticorrosive coating containing multi-wall carbon nanotubes (MWCNTs) was analyzed for
Release nano-scale material and workplace exposure potential. Worker breathing zone measurements for elemental
‘Cl;;:;l‘;:i‘s;wmbe carbon (EC) and electron-microscopy-based structure counts showed negligible MWCNT exposure to workers

during laboratory and spray-painting operations over the course of two 8-hour shifts (arithmetic mean inhalable
EC and electron microscopy structure count concentrations were 6.47 ug/m> and 0.084 structures/cm® respec-
tively). UV weathering prior to abrasion testing increased the nano-size fraction of released material as measured
by a fast mobility particle sizer (FMPS) and visual inspection by SEM indicated increased presence of exposed
MWCNTs embedded in the polymer matrix. However, no free MWCNTs were identified, despite evidence of
MWCNTs embedded in airborne particles. TiO,, used as a pigment in the coating and not anticipated as a
candidate for nano-specific scrutiny, contained a small fraction (3.5% in number) of nano-sized constituents
(< 100 nm). This work emphasizes need for rigorous characterization of additive materials to properly assess

Occupational exposure

potential health hazards and to better our understanding of what qualifies as “nano”.

1. Introduction

The use of engineered nanomaterials (ENMs) in consumer products
continues to increase due to their unique, size-dependent properties
such as strength, conductivity, surface area, catalytic and photo-
catalytic capabilities, as well as antimicrobial, magnetic and optical
properties (Qu et al., 2012). Applications research and ENM integration
into products has outpaced regulatory guidance on potential environ-
mental health and safety (EHS) concerns associated with nano-
technology (Roco, 2011; Collier et al., 2015). The lack of clear EHS
assessment guidelines for ENMs and nano-enabled products may result
in: (1) overly conservative precautions that unnecessarily slow de-
ployment of novel technologies or (2) inadequate precautions that
allow unsafe products to enter the marketplace leading to potential
occupational, consumer, and environmental risks. While there is a
growing body of work in understanding the hazards of ENM exposure,

there are no formal standards for evaluating ENM release (Petersen
et al., 2011; Nowack et al., 2013; Harper et al., 2015; Koivisto et al.,
2017) related to exposure potential. Previous evaluations of ENM re-
lease have utilized best-available, standardized methods of machining
(drilling, grinding, sanding) and weathering (UV exposure) (Froggett
et al., 2014; Kingston et al., 2014). These studies have yielded varied
results due to differences in sampling and experimental setup, and how
these methods reflect on real-world situations remains largely untested.
In order to have robust risk guidelines for the use of ENMs, it is vital to
have a correlative assessment of release and exposure.

Multi-walled carbon nanotubes (MWCNT) in particular are in-
creasingly being used as additives to polymer matrices to improve
properties such as strength and conductivity in many applications from
automotive to textiles (Kingston et al., 2014). The inhalation hazards of
free CNTs has been studied in previous literature, with results showing
effects such as pulmonary inflammation to have dependence on
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whether the CNTs are single or multi-walled, as well on the aspect ratio
of the CNTs themselves (Kuempel et al., 2017; Kobayashi et al., 2017;
Wick et al., 2011). A study by Poland et al. (2008) related the pathway
of MWCNTs in the body to be similar to asbestos, and inhalation of
MWCNTs has induced malignant mesothelioma in mice (Takagi et al.,
2008; Fukushima et al., 2018). It should be noted that currently, the
understanding of CNT carcinogenicity in humans is limited, and as such
the International Agency for Research on Cancer (IARC) classifies all
CNTs as group 3 (not classifiable as a carcinogen), with the exception of
MWCNT-7, classified as group 2B (possible carcinogen in humans)
(TARC, 2017). Additional health hazards of CNTs can include fibrosis,
oxidative stress, and genotoxicity (Kuempel et al., 2017; Mgller and
Jacobsen, 2017).

Recent studies have examined MWCNTSs as they are released from
polymer matrices; however, the observation of free MWCNTSs compared
to matrix-bound MWCNTSs has been inconsistent due to the variations in
method of release and detection (Nowack et al., 2013; Huang et al.,
2012; Gohler et al., 2013). Schlagenhauf et al. (2015) utilized MWCNTSs
pre-labeled with lead ions to detect free MWCNTs in material subjected
to abrasion. This study successfully identified free MWCNTs in the in-
halable fraction (< 100 um) of the abraded material, however there is
some dependency on the abrasion method used and how well MWCNTSs
are dispersed within the matrix. A recent study by Bishop et al. (2017)
did not detect free MWCNT in dust produced by sanding nanotube-
containing composites, but found that increasing MWCNT concentra-
tion (0.15%-3% by mass) shifted the particle size distribution, in-
dicating greater fractional release of particles in the nanosize range.
The properties of the polymer matrix within which the MWCNTs are
incorporated also may impact release, such how the polymer deforms
around embedded MWCNTs due to deformation and fracture by me-
chanical stress. Softer polymers such as polyurethane or polyamide
show greater resistance to free ENM release vs. harder, more brittle
epoxies (Kingston et al., 2014). Along with mechanical stress, chemical
or UV weathering susceptibility also impacts free ENM release
(Kingston et al., 2014). Meanwhile, additives or surface functionaliza-
tion of ENMs can inhibit ENM release from susceptible composites
(Hirth et al., 2013; Kaiser et al., 2014).

In the present work we focus on characterizing the potential for
nano-release from a coating that incorporates two active ingredients for
anti-corrosion properties: multi-walled carbon nanotubes and micron-
sized zinc (Zn), in addition to a standard titanium dioxide (TiO,) pig-
ment. Addition of the MWCNTSs allows a significant reduction in zinc
loading, an environmental risk benefit, but allows the coating to retain
anti-corrosion properties. However the addition of MWCNTs may yield
a new set of environmental risks. This investigation focuses on char-
acterization of release and exposure potential from an ENM-enabled
material during activities related to development, application, and in-
tended use. In particular, exposure potential of ENMs from matrix-
bound material is less addressed in the literature relative to hazard and
fate (Froggett et al., 2014; Kingston et al., 2014; Hirth et al., 2013;
Brame et al., 2015; Peterson et al., 2015). Results are presented on the
characterization of the initial material, evaluation of relevant release
tests and the results of those release tests throughout the intended use
(application and removal), as well as exposure monitoring data for
workers involved in typical tasks with the materials.

2. Materials and methods

2.1. Description of anti-corrosive coating and raw materials
characterization

Anti-corrosive coating was provided by Tesla Nanocoatings Inc. as a
two-part coating (primer and top-coat pigmented with TiO,) utilizing
multi-walled carbon nanotubes (MWCNTSs) and micron-scale zinc par-
ticles to enhance anti-corrosive properties. Four different sample types
were provided by the manufacturer: samples with no coating (sand-
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blasted, steel coupon); samples with a MWCNT-containing primer only;
samples with the MWCNT-containing primer and a pigmented, non-
MWCNT-containing topcoat; and samples with the MWCNT-containing
primer and a pigmented, MWCNT-containing topcoat. This sample
matrix enabled isolation of the various components to act as com-
parative controls for release tests. Additionally, the manufacturer pro-
vided a dry, un-mixed sample of the primer that was used for additional
characterization. Specific information on the zinc and MWCNT com-
ponents was not made available by the manufacturer.

SEM measurements were carried out with a FEI Nova NanoSEM 630
Field Emission scanning electron microscope using both a backscatter
electron (BSE) and a secondary electron (SE) detector with accelerating
voltages between 5 kV and 10 kV and spot sizes between 3.0 and 5.0. In
order to minimize surface charging, larger samples were coated with a
thin layer of gold (< 5nm). SEM was also used for particle size mea-
surements of TiO, exposed on the surface. Strips of coating were re-
moved from the coated panels with a razorblade and analyzed by SEM
at 100,000 x resolution. A total of 8 images were analyzed totaling 482
particles using ImagePro (v7, Media Cybernetics Inc., Bethesda, MD).
As TiO, particles are not perfect spheres, size was measured across the
shortest diameter.

Presence of MWCNTs was confirmed by Raman spectroscopy.
Spectra were collected using a confocal Raman microscope (Horiba
XploRA) equipped with a 600 lines/mm grating. In order to minimize
fluorescence signal, a 785 nm excitation laser was used as the Raman
excitation source. Briefly, the excitation light was focused on the sur-
face of the samples with a 100x /0.9 NA objective, yielding an esti-
mated spot size of 1 um. All spectra were acquired with the laser power
set to 30 uW, or less, and the collection time was varied between 60 and
180s. Prior to collecting spectra from the samples, the instrument was
calibrated to the first order Raman peak of silicon (520.6 cm ™). In
order to aid in the visualization of the Raman peaks, the collected
spectra were plotted after removal of a broad fluorescent background.

2.2. NIOSH workplace-exposure study

Workplace exposure assessment was conducted at Tesla
Nanocoatings in Massillon, Ohio. Four volunteer employees provided
written consent to be in the study (NIOSH IRB protocol 16-DSHEFS-
02XP) and were monitored over a period of two full work days (ap-
proximately 8 h each) for exposure to elemental carbon (EC), a marker
for CNT exposure, and transmission electron microscopy (TEM)-based
structure count concentrations during the manufacture, application and
destructive testing of the MWCNT-containing coating. Personal
breathing zone (PBZ) and area filter-based air samples (AS) were col-
lected for EC and TEM analysis to assess exposures during the survey.
Three PBZ samples were collected on each volunteer (for inhalable EC,
respirable EC, and TEM analysis) while area samples (also for inhalable
EC, respirable EC, and TEM analysis) were placed at stationary loca-
tions throughout the plant to assess task-specific and general workplace
air concentrations and potential for migration to non-production areas.
These areas included a conference room, a front office, a break room, a
high bay area (near spray booth), and in a lab area (along back wall
near hood where raw MWCNTs were handled).

Airborne respirable EC was monitored using 25-millimeter (mm)
diameter cassettes with quartz fiber filters (QFFs) attached to GK 2.69
BGI cyclones (BGI Inc., Waltham, MA) and connected to Airchek
XR5000 sampling pumps (SKC, Inc., Eighty Four, PA) set at 4.2 lpm.
Airborne inhalable EC samples were collected using open-faced, 25-mm
diameter cassettes with QFFs connected to Leland Legacy sampling
pumps (SKC, Inc., Eighty Four, PA) set at 5.0 lpm. The EC samples were
analyzed for airborne mass of EC in accordance with NIOSH Manual of
Analytical Methods (NMAM) 5040, Diesel Particulate Matter (as
Elemental Carbon). To acquire the most accurate representation of the
potential exposure workers could experience during a full shift of work
at the facility, the EC sample concentration and the background-
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corrected eight-hour time weighted average (8-h TWA) were calculated
for each of the QFF-based samples collected during the time work was
conducted (i.e., the total time pumps were on workers, excluding time
workers left the facility for off-site lunch, at which point the pumps
were turned off). Since there may be other sources of elemental carbon
in the workplace that could interfere in the determination of MWCNT
and carbon nanofiber (CNF) exposures, TEM samples were used to assist
in characterizing exposures. Studies have shown that airborne back-
ground (environmental and in non-process areas in the workplace)
concentrations to elemental carbon are typically < 1 ug/m® and that an
exposure to elemental carbon in the workplace above this level is the
best available indicator of CNT or CNF exposure (Evans et al., 2015;
Birch et al., 2011a, 2011b; Dahm et al., 2012).

Air samples for transmission electron microscopy (TEM) analysis
were collected on 25-mm mixed cellulose ester filters using Airchek
XR5000 sampling pumps operating at 4lpm and analyzed in ac-
cordance with a modified NMAM 7402, Asbestos by TEM (NIOSH,
2017). Modifications to NMAM 7402 relate primarily to counting CNT
and CNF particles, rather than asbestos fibers. Modifications consisted
of eliminating (i) the steps required for asbestos identification and (ii)
the requirement that counted particles have diameters > 0.25 ym and
meet the traditional definition of a fiber (aspect ratio = 3:1, longer than
5 um). Three 3-mm copper TEM grids prepared from each sample were
first examined at low magnification to determine the filter loading and
preparation quality. A total of 40 openings were examined at high
magnification and any particles containing MWCNT or CNF were
counted as MWCNT or CNF ‘structures’, which ranged from single-fiber
MWCNT or CNF to various sized agglomerates comprised of many
single MWCNT or CNF fibers. All structures, agglomerated or single
fibers, were counted as one ‘MWCNT or CNF structure’. Based on the
number of MWCNT or CNF structures counted, and the collected air
volume, MWCNT or CNF structures per cm® were calculated. TEM
analysis provides visual evidence of MWCNTSs in air, as well as an in-
dication of the structure (i.e., general size, shape and degree of ag-
glomeration) of the collected particles (Dahm et al., 2015).

2.3. Release testing of weathered paint in a sanding chamber

A combinational release testing scenario of accelerated weathering
followed by mechanical abrasion was selected based on relevant in-use
and end of life (removal) scenarios based on previously described
principles (Collier et al., 2015). This method utilized a multi-criteria
decision tool (https://nano.el.erdc.dren.mil/tools.html) to down select
from a larger suite of potential release tests based on the intended use of
the product, relevance, magnitude of release, time, cost and expertise
required to perform each test. Based on this analysis (see Supporting
information, Fig. S1), mechanical and UV weathering were chosen as
the primary intended-use release tests, and experiments were per-
formed to simulate aggressive mechanical release both with and
without prior UV weathering via sanding.

Accelerated weathering was performed using an Atlas UV-weath-
ering system (Atlas Suntest XLS+, Atlas Materials Testing Solutions),
which simulated continuous sunlight exposure with a daylight filter
(300-400 nm) for 4 weeks (672h), with a total dose of 145MJ/m?
(Martin et al., 2016). This accelerated weathering protocol used an
equivalent to the 1.8 times the solar irradiance at noon on the summer
solstice at 40.95°N latitude, near to the latitude of the Tesla Nano-
Coatings facility in Massillon, Ohio over a continuous period of 4 weeks
to simulate worst-case maximum exposure over 43.6 days in real time.

The custom abrasion chamber was a modification of the Taber
Abraser concept, with a rotating sample base and a stationary sanding
element with adjustable normal force (Fig. 1A). The abrasion took place
within an isolated cabinet with an outlet leading to the instrumentation
suite and an inlet creating overpressure to ensure that exterior particles
do not contaminate the measurement. The instrumentation suite in-
cluded a condensation particle counter (CPC; TSI 3007) to measure
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total particles < 1 um, a fast mobility particle sizer (FMPS, TSI 3091) to
measure particle size distribution from 5.6 nm to 560 nm, and two ports
for pump-assisted filters to collect samples for later analysis by scanning
electron microscopy (SEM). CPC data was only collected to confirm
abrasion produced measureable particles above the background noise
and are not included in this report.

Elemental analysis of samples collected from the filters was carried
out in conjunction with SEM measurements (as described above), using
a Bruker AXS energy dispersive X-ray spectrometer (EDS). The EDS
measurements were performed at an accelerating voltage of 15kV, at a
working distance of 5.5 to 6 mm, and a spot size of 5.0 nm. Elemental
maps were acquired using a Bruker Esprit EDS detector and analysis
software with data analyzed by “precision” tolerances. Elemental maps
were acquired only for identified elements of interest (i.e., Zn and/or
Ti). MWCNTSs presence in the abraded material was again confirmed by
Raman spectroscopy as described in the raw materials characterization
section.

3. Results
3.1. Raw material characterization

Characterization of the material included SEM and Raman spec-
troscopy to confirm the presence of the nominal active ingredient ma-
terials (MWCNTs and zinc) and assess particle size to determine if the
primary particle or fiber diameter merits nano-specific consideration
(particles < 100 nm in at least one dimension). Both SEM and Raman
(Fig. 2) confirmed the presence of CNTs in the raw (powdered) material
and the coated primer material and MWCNT topcoat, with width <
100nm and lengths of several hundred nanometers (Fig. 2A). The
Raman peaks associated with MWCNTs (D, G and G’ peaks) are labeled
in Fig. 2B and are in agreement with previous Raman studies (Lehman
et al., 2011; Bokobza et al., 2015).

The manufacturer identified micron-sized zinc, used as a sacrificial
anode to delay corrosion, as a component of the primer material. Size
analysis of the zinc by SEM (Fig. 2C) revealed particles > 500 nm,
significantly larger than the 100 nm upper size bound that defines na-
nomaterials, as given in definitions by the National Nanotechnology
Initiative (NNI) and various other organizations (OECD, EPA, ISO, etc.)
(Boverhof et al., 2015). This eliminated zinc from further consideration
to determine the need for nano-specific risk (Collier et al., 2015; Martin
et al., 2016), as it would not need to be reported as a nanomaterial
according to the EPA Section 8a reporting rule (EPA, 2010). Therefore,
exposure and hazard of the product related to zinc can be assessed using
traditional approaches for bulk zinc metal or release of dissolved ions.
Since it was not a nanomaterial, further characterization was not in-
cluded in this nano-specific study.

SEM analysis confirmed that the light color of the topcoat (both
with and without MWCNTSs) was due to the inclusion of titanium di-
oxide (Fig. 2D). TiO, is a common white pigment used in many appli-
cations, including paints, cosmetics and sunscreens (Weir et al., 2012)
which contains particles frequently in the nano-size range (Kaegi,
2008). NIOSH previously published recommended exposure limit
(RELs) of 2.4 mg/m?® for fine (> 100 nm) and 0.3 mg/m® for ultrafine
(including engineered nanoscale) TiO,, as TWA concentrations for up to
10 h/day during a 40-h work week (NIOSH, 2011). The lower ultrafine
REL reflects NIOSH's concern for the potential carcinogenicity of ul-
trafine TiO, particles due to increased surface area per unit mass. Ac-
cording to the manufacturer, the TiO, pigment was nominally micron-
sized, and measurement by SEM (representative images provided in
Supplemental Fig. 2) confirmed a mean particle size of 257 nm (Fig. 2D)
with upper and lower bounds of 702 nm and 62 nm. While the domi-
nant fraction of TiO, observed is above the 100 nm cut off, 3.5% of the
482 particles measured where in < 100 nm size range.
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Fig. 1. Diagram of abrasion chamber, including size and flow information (A), image of full system (B) and in-line filter (C).

3.2. Workplace-exposure study

During the two day sampling period, the sampled employees per-
formed a variety of tasks with the personal protective equipment (PPE)
as shown in Table 1. Development of batches was performed by em-
ployee #1 on both days of sampling. This employee added dry
MWCNTs to a wet resin and mixed by hand inside a 5 ft (w) chemical
fume hood (Lab Fabricators Co., Cleveland, OH) to produce a small
batch in the laboratory. The batch was then dispersed (using a pro-
prietary process) into a primer or coating with the aid of a pneumatic
mixer located in the high bay area. This employee was wearing a lab
coat, safety glasses, a dust mask, earplugs, and nitrile gloves during this
task. Employee #2 was assigned to the office and worked there both
days without PPE. Employee #3 split time between the office and high
bay production area on both days. When in the high bay area, employee
#3 hand painted parts with a CNT-based primer each day. Employee #4
also split time each day between the office and high bay production
area. On both days of sampling, employee #4 performed spray coating
operations with CNT and non-CNT coatings inside the spray booth.
During spray painting, employee #4 wore earplugs, full-body Tyvek, a
half-face respirator with organic vapor cartridges, safety glasses, and
nitrile gloves.

During application of the paint product, employee exposure to
elemental carbon (EC), including MWCNTs, was assessed in relation to
the following tasks: development of MWCNT-epoxies and resins and
spray coating of CNT-enabled coatings. Over the course of the two days
of air sampling, no background-corrected PBZ or area filter-based
samples (AS) for EC at the respirable size fraction were found to have
concentrations above the NIOSH REL of 1 pg/m?’ (Table 1). The back-
ground-corrected inhalable fraction was also below 1 pg/m?® in all cases
except for the PBZ of spray-booth operator (12.31-14.94 ug/m>) and on
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employee #3 who worked in the high bay area (1.52-2.29 ug/m?®). The
task-based area samples (inside the spray booth) had the highest in-
halable EC concentrations (0.99 ug/m?’).

We found that the PBZ samples collected for employee #4 who
worked in the spray booth and high bay areas showed higher inhalable
EC concentrations than did the area samples collected in the spray
booth. There are several possible reasons for this apparent discrepancy:
1) this worker directly handled gram quantities of raw MWCNT for an
hour each day and also worked on dispersing the MWCNTs into the
paint product. This could result in higher concentrations of EC exposure
than spray booth operations; and 2) PBZ concentrations in the spray
booth might have been higher than AS concentrations, due to the
measurements being collected closer to the exposure source for the PBZ
than the area samples. This pattern has been observed previously in
studies of CNT-exposed workers (Dahm et al., 2012).

While CNTs are a subset of the measured EC, the carbon measure-
ment may also include soot or organic carbon from the polymer matrix.
The fractions for soot and MWCNTSs in the total EC concentrations
measured here are unknown. TEM analysis confirmed the presence of
MWCNTs, and other particulates, in seven different area or task-based
samples throughout both days of sampling (Fig. 3). These analyses
showed exposed MWCNTs, however the particles were often agglom-
erated with other MWCNTs or other material and no free MWCNTSs
were observed. TEM image analysis showed MWCNT-containing
structures were most commonly found within material ranging in size
from 5 to 10 um, followed by 2-5pum and > 10 pm. A concentration
measurement was made by counting all MWCNT-containing structures
(with no bias to size or shape) as a function of the air volume passed
through the filter. For the PBZ of the spray booth operator, the filters
were overloaded with material and a quantitative measurement of
MWCNT structures could not be obtained. In all other PBZ and AS, the
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Fig. 2. SEM images of carbon nanotubes included in the anticorrosive coating provided by Tesla (A), Raman spectra showing characteristic CNT peaks dispersed in
the raw, unmixed powder and in the coated Tesla materials, compared to a control of pure CNTs (B), SEM images of zinc particles in the raw powder (C), TiOy
particles (D) observed on the surface of the primer and topcoat, and the particle size distribution as measured across the smallest diameter.

MWCNT-containing structures did not exceed a concentration of
0.02 structures/cm®. The lack of respirable size MWCNT structures does
come with an important caveat: agglomerated structures may dissociate
once inside the lungs, potentially making larger than respirable size
fractions (e.g. thoracic and inhalable) relevant to health effects. Al-
though a reference or benchmark level of 0.01 fibers/cm® for MWCNT
has been established in the UK, Germany and Switzerland (Ellenbecker
et al., 2018), this is acknowledged to be based on analogy to asbestos
rather than direct evidence of risk, highlighting the need to better-
characterize this aspect of exposure.

3.3. Chamber-based release testing

Aerosolized particle size distributions collected during abrasion of
un-weathered material by FMPS showed differences in the aerosolized
particles released from the various samples, with the assumption that
all particles released were spherical. Samples containing TiO,-pig-
mented topcoats (primer with MWCNT-topcoat and primer with non-
MWCNT-topcoat) released aerosolized particles primarily in the na-
norange (< 100 nm), while those without TIO, (bare steel and primer
only controls) had mean particle size distributions centered between
110 and 140 nm (Fig. 4). Weathering via UV exposure prior to abrasion
of the MWCNT and non-MWCNT topcoat samples did not shift the
median particle size of ~40 nm, however there significant changes to
both ends of the particle size distribution tails. Before UV treatment,
particle distribution of the topcoat samples appears bimodal, with the
non-MWCNT topcoat in particular having a significant second peak
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around 220 nm. UV-treatment reduces the broadness of the large-par-
ticle size tail, as well as adopts a more unimodal distribution. The
primer only (no topcoat) shows unimodal distributions before and after
weathering, as well as a noticeable shift in median size distribution
from 124nm to 107 nm. For the lower bounds of the distribution, a
small peak around 10 nm appears in all UV-weathered specimens.

Fig. 5A shows representative SEM image from the filters used to
collect particles released during abrasion of a weathered sample with
both the MWCNT primer and MWCNT/TiO, topcoat. The image shows
multiple TiO, particles surrounding a comparatively large (4 um) zinc
particle. The EDS scans for titanium (Fig. 5C) co-located with oxygen
(Fig. 5D) confirm the small particles as TiO,. Release of nano-sized
particles during abrasion is typical of many materials (Kingston et al.,
2014), and in this case included nanoparticles released from the TiO,
pigment.

4. Discussion

Carbon nanotubes may be released from a composite in one of four
ways: completely embedded within the matrix, partially embedded in
the matrix, completely released from the matrix as individual or frag-
mented CNTs, or as agglomerated CNT structures. The ultimate hazard
of freely released CNTs remains uncertain, as one study found potential
carcinogenicity of high aspect ratio (i.e., long and narrow) CNTs, sy-
nonymous to asbestos-related concerns (Poland et al., 2008; Chernova
et al., 2017), while another study found no effects from injected
MWCNTSs in mice (Takanashi et al., 2012). In addition, other studies
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Table 1
Workplace-exposure elemental carbon (EC) measurements.
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Type of EC fraction Job duty/process Engineering controls/PPE used 8-h TWA EC (ug/m>)
sample® (Bkg corr)
Day 1 Day 2

PBZ Respirable Employee #1 MWCNT weigh out and mixing production/conducted inside chemical fume hood. ND" 0.10

Inhalable (Lab area) Dispersion in high bay area/room exhaust ventilation, lab coat, safety glasses, dust 0.90 0.71
mask, nitrile gloves

PBZ Respirable Employee # 2 Worked in the office/no PPE ND" < Background®
Inhalable (Office area) 0.57 0.45

PBZ Respirable Employee #3 Hand painted parts with CNT-based primer/room exhaust ventilation, lab coat, safety ND" 0.05

(High bay area) glasses, nitrile gloves

Inhalable 1.52 2.29

PBZ Respirable Employee #4 Sprayed CNT paint formulation/conducted in spray paint booth, with safety glasses, 0.21 < Background®

(Spray booth/high bay Tyvek coveralls, 1/2 face respirator with organic vapor cartridges, nitrile gloves

Inhalable area) 14.94 12.31

AS Respirable High bay area ND" 0.20
Inhalable (Spraying operations) 0.27 0.42

AS Respirable Lab area ND" < Background®
Inhalable (CNT batch 0.00 < Background®

development)

AS Respirable Inside spray booth ND" ND"
Inhalable (Before spraying) ND" ND”

AS Respirable Inside spray booth ND" ND"
Inhalable  (During spraying CNTs) < Background® ND”

AS Respirable Inside spray booth ND" ND”
Inhalable (During spraying non- 0.99 ND”

CNTs)

Numbers in bold are samples that were found to be above the NIOSH REL of 1 ug/m?>.

@ PBZ: personal breathing zone; AS: area sample.

> ND-not detectable. The limit of detection (LOD) for the 25-mm filters was 0.4 ug EC/filter.
¢ The background concentrations for respirable EC was 0.10 ug/m® and 0.55 pg/m® for days 1 and 2, respectively. The background concentrations for inhalable EC

were 0.57 ug/m® and 0.76 ug/m? for days 1 and 2, respectively.

have found short MWCNT fragments (< 300 nm) are associated with
acute phase response, pulmonary inflammation and fibrosis (Poulsen
et al., 2015, 2016, 2017). Bishop et al. (2017) found that toxicity of
CNT-containing composite particulates produced by sanding was in-
consistently elevated, compared to neat composite, which may be re-
lated to smaller particulate size in the CNT-containing composite. It
should also be addressed that several limitations are present in the
current body of work regarding CNT inhalation exposure including a
lack of consistency in the composition of CNTs evaluated at various step
in the carcinogenic pathway, limitations in animal studies, and the
absence of the human studies (Kobayashi et al., 2017; Pauluhn, 2010).
Most evaluations of CNTs also have focused on the health effects of
MWCNT-7 and it is unknown if data can be applied to other forms of
MWCNTs and SWCNTs (Kuempel et al., 2017; Kobayashi et al., 2017;
Fukushima et al., 2018).

Until definitive hazard information is available, it is important as a
precautionary approach to determine whether individual CNTs of any
form are released from the coating matrix, to define exposure potential
for human and environmental receptors (Harper et al., 2015;
Schlagenhauf et al., 2015), and thus the potential for risk concern.
However, detecting individually released CNTs, especially in a complex
matrix (Doudrick et al., 2012) is difficult and labor intensive, especially
in context of proving an absence or negligible quantity of CNTs for
exposure assessments (Koivisto et al., 2018). Raman spectroscopy,
among other methods (Doudrick et al., 2013), can confirm the presence
of carbon nanotubes, but cannot identify whether the CNTs are freely
released or partially/completely embedded in the coating matrix. Pre-
viously published studies of MWCNTs embedded in different matrices
also did not find release of free MWCNTs following robust analysis
(Petersen et al., 2014; EPA, 2013). However, this does not exclude the
potential for free MWCNTSs to be present, and this should be recognized
accordingly in EHS assessments.

SEM and Raman analysis of the material released from the TESLA
anti-corrosive coatings via abrasion confirms the presence of embedded
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MWCNTs both on the filters and in the released powder collected from
the abrasion chamber (Fig. 6). Despite extensive SEM analysis and
previous confirmation that the filter system can trap free MWCNTSs, we
were unable to identify any individually-released MWCNTSs from any
sample analyzed during this testing (see Supplemental Figs. S3-S6). UV
weathering prior to abrasion significantly increased the number of
MWCNTs protruding from the matrix, as identified in SEM analysis, but
again did not produce any identifiable, individually released MWCNTs.
It is difficult to make a definitive statement that individual MWCNTs
are not released; a study by Koivisto et al. (2018) determined that
proper assessment of individually released nanofibers with an accep-
table error level at a concentration of 1 fiber/cm® would require an
unfeasible assessment of 4 x 10* images. Absence of discoverable
MWCNTs by this technique does not provide concrete evidence of their
absence, and future studies using this system should utilize NIOSH fiber
counting rules (Ashley and O'Connor, 2016; NIOSH, 1994a, 1994b).
Additionally, until improved sampling and analytical methods are de-
veloped, further work is needed to determine an acceptable framework
for selecting multiple MWCNT detection methods to provide multiple
lines of evidence for the presence or absence of MWCNTSs (Alberts et al.,
2018).

Analysis of the size distribution obtained by the FMPS suggests
weathering influences the release of nano-size material from the
coating. As with many particle sizing instrumentation, FMPS is un-
biased towards elemental composition, making it challenging to iden-
tify what the measured nano-sized particles are. However, it can be
noted that the small normalized fraction of particles that appears
around 10 nm is not dependent on whether the topcoat contains CNTs
and is also observed in the primer. All three of these samples contain
TiO,, which suggests that UV weathering enables release of nano-size
TiO, from the coating, if these nano-size particles are not simply nano-
size fragments of the matrix material itself. This also corresponds with
the lack of free CNTs found on the SEM filters. The increase of nano-size
material during weathering is likely due to degradation of the polymer
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Fig. 3. TEM images showing typical CNT-containing structures identified in personal breathing zone (PBZ) and area samples (AS) for (A) PBZ employee #3 (high bay
area), (B) PBZ employee #4 (spray booth/high bay area), (C) AS inside spray booth, (D) AS inside blasting cabinet.
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Fig. 4. Normalized particle size distribution data for abrasion of coated samples
with and without UV weathering. The majority of particles released by samples
with TiO,-containing topcoats (white and light gray) were in the nanorange
(< 100 nm), while those without TiO, pigmentation were primarily larger than
100 nm.

matrix due to UV-exposure. The loss of the broad tail in the size dis-
tribution above 100 nm in the weathered topcoat samples may also be a
result of the matrix material breaking down into smaller fragments
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during abrasion as a result of UV degradation. It should be noted that
the FMPS is prone to artifacts which can make interpretation of size
distribution challenging, as it tends to underestimate the size of particle
in the > 200 nm size bins, as well having an inherent tri-modal size
distribution at 10.7, 19.1, and 29.4 nm size bins (Levin et al., 2015;
Zimmerman et al., 2015). While these artifacts do not greatly influence
the overall trends we observe here it may be advisable in future studies
to cross-check these measurements with and scanning mobility particle
sizer (SMPS) (Jeong and Evans, 2009).

In the case of the anti-corrosive coating material studied here,
characterization studies determined a lack of nano-specific hazard due
to zinc, and after thorough analysis, a lack of evidence for individually
released MWCNTs. There was also evidence for a 3% fraction of nano-
TiO, in the pigment and a potential release of nano-TiO, following
abrasion testing. While the median size of the TiO, pigment would
exclude it from consideration as a nanoparticle, the trace amount of
nano-size particles in the tail end of the size distribution (Fig. 2D) calls
into question if TiO, should still be considered a nanomaterial in this
case for risk assessment. TiO, tested in ambient laboratory conditions
may be considered to have relatively low hazard compared to other
nano-metals, although the crystalline form of released TiO, may be
relevant as the toxicity of the anatase form in presence of continuous
sunlight increases its toxicity by > 2 orders of magnitude (Ma et al.,
2014; Bar-Ilan et al., 2013; Diamond et al., 2017). A study by Gerloff
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et al. (2012) showed anatase/rutile compositions of TiO, exhibited
higher toxicity per unit surface area in human colon cells than pure
anatase. However, the anatase form of TiO5 can induce oxidative stress
in combination with UV light, with a LC50 value of 0.03 mg/L (Wang
et al., 2014), a hazard category of “highly toxic”. In addition, Warheit
et al. (2007) demonstrated increased pulmonary toxicity of 80/20
anatase/rutile TiO, versus pure rutile in rats via intratracheal admin-
istration.

The EPA reporting rule states that any substance that consists
of > 1% by mass of ENMs should be considered a nanomaterial, how-
ever there is debate whether particle number is a more relevant metric
when evaluating pulmonary inflammatory response due to ENM ex-
posure (Wittmaack, 2007). While several organizations including the
European Commission (EC), the Swiss Federal Office of Public Health
(FOPH), and Norwegian Environmental Agency (NEA) recommends
that a material be classified as “nano” when 50% a material by particle
number is below the 100 nm threshold, the Australian Government
Department of Health and Ageing place the threshold as low as 10%
(Boverhof et al., 2015). The EC also suggests that composition as low as
1% by particle number could be considered in some cases. Furthermore,
other agencies such as the International Organization for Standardiza-
tion (ISO), Taiwan Council of Labor Affairs (CLA) and Health Canada
have no stated distribution thresholds for mass or particle counts. Other
inconsistencies between these organizations include whether agglom-
eration is considered, solubility of the ENM and if it was intentionally
manufactured or engineered (Boverhof et al., 2015), taken together this
raises the question for how borderline ENM materials should be han-
dled in regards to health and hazard assessments.

From the FMPS and SEM evaluations, TiO, represents a case where
there may be enough uncertainty to justify its inclusion with the CNTs
for evaluation and testing as a precautionary measure. It should also be
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Fig. 5. SEM image (A) of particles collected from the
chamber during abrasion of a sample coated with
primer and CNT/TiO, topcoat. Panels B-D show EDS
color images representing the presence of zinc (B),
titanium (C) and oxygen (D, co-located with Ti for
TiO,). (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)

considered that the relative proportion of the size distribution tail in the
nanorange may increase after inhalation, as inhaled TiO, can travel to
the gastrointestinal via the mucociliary clearance pathway where it can
be subject to digestive processes (Gerloff et al., 2012). TiO, was not
taken into consideration for the workplace exposure assessment, high-
lighting the need for a rigorous method for characterization of ad-
vanced materials to ensure all potentially released hazardous ENMs are
identified and evaluated. Since it was not the active ingredient used in
the application for a nano-specific and unique property, it is unclear if it
requires reporting as part of the EPA reporting rule.

This study provides a demonstration to estimate exposure to inform
EHS risk decisions for a MWCNT-enabled anti-corrosion coating. This
material may provide environmental benefit by using MWCNTSs to re-
duce zinc loading in coating applications, but use of MWCNTs during
application and mechanical removal brings unique EHS questions. The
workplace exposure study provided evidence for overall low exposures,
with all respirable (d50 = 4 um) samples being below the NIOSH REL
for CNTs. In a large study of CNT-exposed workers using the same
measurement methods employed here, the arithmetic mean inhalable
PBZ EC and TEM structure count concentrations were 6.47 pg/m> and
0.084 structures/cm?, respectively (Dahm et al., 2015). Only the spray
booth operation exceeded one or both of these mean values. The
highest potential for exposure was found during formulation and
spraying of CNT coatings. However, the use of local exhaust ventilation
and enclosures reduce the risk of worker exposure and migration of
nanomaterials outside of the production areas. Further mitigation of
exposure can be accomplished with the addition of powered air pur-
ifying respirators (Koivisto et al., 2015).

While NIOSH recommends an elemental carbon REL based on mass
concentration, there is some debate over whether number concentra-
tion is a more appropriate metric, especially in regards to CNTs. The
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Fig. 6. SEM images (A, B and C) showing exposed CNTs after abrasion of UV-weathered samples (primer + CNT topcoat). Panel D shows Raman spectra confirming
the presence of CNTs on the SEM filter (locations 1-3) and comparison to the weathered CNT coating.

British Standard Institute (BSI), Swiss Accident Insurance Funds
(SUVA), and the German Institute for Occupational Safety and Health
(IFA) recommend a number based REL for CNTs and asbestos fibers of
0.01 f/cm® (BSI, 2007; SUVA, 2018; van Broekhuizen and Dorbeck-
Jung, 2013). The Japanese National Institute of Advanced Industrial
Science and Technology (AIST) has proposed mass based RELs of 30 ug/
m?® for SWCNTs and 80 ug/m> for MWCNTs (NEDO, 2011). Concerns
with the mass based approach to RELs include the health effects of
CNTs correlating with number inhaled instead of total mass, as 1 pg/m®
of CNTs could be equivalent to anywhere between 0.01f/cm® and
300,000 f/cm® based on the size of the fiber (Ellenbecker et al., 2018).
Additionally, current analytical methods lack the ability to distinguish
CNT mass from other carbon sources collected on air filters. While
number metrics may be a more appropriate assessment, CNT agglom-
eration can alter toxicity (Wick et al., 2007) and CNTs can only be
observed by electron microscopy, unlike asbestos fibers, making
number-based assessments prohibitively more costly.

Based on the lack of evidence for free CNTs, this product may po-
tentially pass requirements for exposure. However, knowledge is lim-
ited on how inhalation of embedded/exposed CNTs could affect human
health, and some studies have suggested matrix material is a driving
factor in toxicity (Wohlleben et al., 2011; Smulders et al., 2014; Saber
et al., 2012). Characterization of the coating found that TiO,, used as a
pigment in the coating and not anticipated as a candidate for nano-
specific scrutiny, contained a fraction of nano-sized particles, raising
the question if additional attention should be required (Brame et al.,
2015). UV-weathering and abrasion experiments simulating intended
use during the lifetime and end of use and removal emphasize the
importance of implementing an organized approach to assess EHS
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implications of products containing ENMs. This work helps to further
understanding of risk and exposure assessments, including robust CNT
characterization by multiple methods. While this work is primarily fo-
cused on product development, product application and intended use,
consideration to a full life-cycle based approach for this material, in-
cluding end-of-life removal via sandblasting, is an additional necessary
component to be explored in future studies.
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