Optics Communications 479 (2021) 126413

Contents lists available at ScienceDirect

Optics Communications

journal homepage: www.elsevier.com/locate/optcom

Black metal nanoparticles from abrasion processes in everyday life: Bicycle | M)
drivetrains and rock-climbing ropes oy

Hans Moosmiiller »*, Ramesh Giri ®, Christopher M. Sorensen , Matthew J. Berg"

2 LASSO—Laboratory for Aerosol Science, Spectroscopy, and Optics DRI—Desert Research Institute, NSHE—Nevada System of Higher Education, 2215 Raggio
Parkway, Reno, NV 89512, USA
® Department of Physics, Kansas State University, 1228 N. 17™ Street, Manhattan, KS 66506-2601, USA

ARTICLE INFO ABSTRACT

Keywords: Black objects are sometimes associated with black carbon, while shiny, highly reflecting surfaces are typically
Metallic nanoparticles associated with metals. Here, we discuss several objects in everyday life that upon use take on a black color
Single scattering albedo that is unlikely to be due to black carbon. We propose that this black color is caused by the formation of
Appearance

metallic nanoparticles from abrasion processes. We support this hypothesis using Mie theory and the fact that
spherical metal particles are only shiny or bright if the imaginary part of their refractive index and its product
with the particle size-parameter are both larger than three. While this is commonly true for bulk metals, the
second condition is generally not fulfilled for metallic nanoparticles, and hence, such particles become highly
absorbing, i.e., black. For the black grime accumulated on bicycle drivetrains and climbing ropes, we detected
metal nanoparticles with electron microscopy, which likely originated from mechanical abrasion processes

during use.

1. Introduction

In terms of visual appearance under white-light illumination, the
whiteness of a particle is usually quantified by the single scattering
albedo (SSA), which is the ratio of the scattering cross section C,_, and
extinction cross section C,,, [1],
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In Eq. (1), Cg, is the sum of C,, and the absorption cross section
C,, for a given wavelength 4 of incident light. Due to the conservation
of energy, the SSA is bounded as 0 < SSA < 1. When the SSA = 1 across
the visible wavelength range the appearance of a particle is described
by terms like “white”, “shiny”, “bright”, or “reflective”, because all
extinction is caused by scattering. If the SSA equals zero across the
visible wavelength range, the term “black” is appropriate since the
extinction is exclusively due to absorption. Values for the SSA between
zero and one indicate an appearance in different shades of “gray”,
or possibly a colored appearance if the material exhibits a significant
variation of its refractive index and SSA as function of wavelength.
The term “white” used below will denote a particle exhibiting 0.7 <
SSA < 1, “gray” for 0.2 < SSA < 0.7, and “black” for SSA < 0.2.
Because of its connection to energy conservation, the SSA is also an
important quantity in energy-budget considerations of physical systems
involving light scattering from particles. For example, the SSA is the

* Cormesponding author.
E-mail address: Hans.Moosmuller@dri.edu (H. Moosmiiller).

https://doi.org/10.1016/j.optcom.2020.126413

dominant intensive property for aerosol-particle radiative forcing in the
atmosphere [2-4].

In the following, we consider two common objects encountered in
everyday life, a bicycle drivetrain and a rock-climbing rope, where
grime is produced through use that eventually takes on a black ap-
pearance. We propose that the black appearance originates from black
metallic nanoparticles that accumulate in the grime due to mechanical
abrasion and support this hypothesis with Mie theory and electron mi-
croscopy of the grime material. For simplicity, we focus our theoretical
considerations on homogeneous spherical particles, hence the use of
Mie theory [5].

The appearance, i.e., SSA here, of metallic nanoparticles is com-
pletely described in Mie theory by the particle’s complex-valued re-
fractive index m = n + ix, where n and x are the real and imaginary
parts of m, respectively, and the size parameter x = xD/4, where
D is the particle diameter. Moreover, “Mie theory, limited though it
may be, does provide a first-order description of optical effects in
nonspherical particles, and it correctly describes many small-particle
effects that are not intuitively obvious” [6]. While we use Mie theory
to gain basic understanding of SSA, this approach is limited because the
metallic particles considered here are not spherical and homogeneous
as required by Mie theory and their number density is not sufficiently
small for rigorous application of the single scattering concept [6]. We
build upon existing discussions for the SSA in the small and large
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Fig. 1. Author’s (HM) leg marked by black grime from the chainring. Also note the
black appearance of the drive train.

particle limits [7], in the transition region between these limits [1], and
of particle absorption over a broad range of x [8]. Note that particles
with x = 0 are non-absorbing and completely white or shiny, possibly
also reflective, with SSA = 1. However, particles with x and its product
with the size parameter x, i.e. xx, that are both larger than ~3, are also
white or shiny with SSA ~ 1, which explains the high reflectance of
most bulk metals that behave similarly to large metal spheres with «
> 3 and xx > 3 [9]. In addition to these extremes where SSA = 1,
four distinct regimes of absorption behavior have been identified for
homogeneous, spherical particles in [8].

2. Everyday observations

Everyday observations of black particles are sometimes associated
with black carbon [10] that, in the visible spectral ranges, has a
complex refractive index of m=n + i x =1.95 + 1 0.79 [11] leading to
a small SSA, and thus, a black appearance [10]. Indeed, black carbon
(BC), in the form of nanotubes arranged in a forest-like array across
a surface, is currently the blackest material ever produced, absorbing
99.995% of incident optical power across the visible spectrum [12].
In addition, particles from incomplete combustion of carbonaceous
fuels [13,14] are often dominated by black carbon [10] with a blackish
appearance and largely wavelength independent absorption, or by
brown carbon [15,16] or minerals (e.g., iron oxides) [17,18] with
a more brownish or reddish appearance and enhanced absorption at
shorter visible and near-ultraviolet wavelengths [16].

However, the blackness of some objects need not be related to
black carbon content but may be due to the presence of black metallic
nanoparticles. Below, we will discuss everyday observations of bicycle
drivetrains and rock-climbing ropes and argue that blackness in ap-
pearance occurs through use of these items causing the introduction of
metallic nanoparticles via mechanical abrasion. In addition, we suspect
that this effect also contributes to the rapid blackening of lubricat-
ing oil and grease, and of honing and cutting fluids. For example,
metallic impurities in lubricating soft grease used in rail engines have
been quantified with laser induced breakdown spectroscopy (LIBS) and
shown to increase greatly in fully used grease when compared to fresh
grease [19]. Furthermore, it was observed that the grease color changed
from tan to black upon use [19].

2.1. Bicycle drivetrains

A typical bicycle drivetrain consists of a crankset that converts
the reciprocating motion of a rider’s legs into rotational motion of
a chainring that drives a chain that in tum drives a cassette of rear
sprockets (i.e., gears) connected to the rear wheel. A derailleur pulley
moves the chain sprockets, thereby changing the gearing to allow the
rider to vary the torque applied to the rear wheel. These components
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Fig. 2. (a) Abraded climbing carabiner with red arrow indicating the location of the
abrasion notch, (b) Author’s (HM) hands after a day of belaying and climbing. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

are made of metals (mostly steel and aluminum alloys, sometimes
titanium) and are coated with lubricant (generally hydrocarbon-based
oil) to reduce friction and abrasion. On a new bicycle, all metallic
drivetrain components are clean, with a high-reflectance appearance.
After use, however, black grime accumulates on these metal surfaces,
even regular cleaning only briefly delays this process, see Fig. 1.

So, what makes this grime black? While oil can be pyrolyzed or
charred at high temperature (z300°C) producing black carbon [20],
such temperatures are not encountered by a bicycle drivetrain. Here
we propose that abrasion, likely enhanced by mineral dust from the
road that is entrained in the lubricant, produces metallic nanoparticles
of black appearance. It is these particles, together with the lubricant,
that form the black grime.

2.2. Rock climbing ropes

As another example, consider rock climbing. Climbers are often
lowered to the ground by a belayer, with the loaded rope running
through a metal carabiner, Fig. 2a, or ring fastened to the rock-wall at
the top of the climb. Often, this gives the rope and the belayer’s hands
a greyish appearance, see Fig. 2b. Analogous to the lubricant with the
bicycle example, the gray appearance of this grime cannot be explained
by heat-based degradation of the rope material.

In light of Fig. 2, we again ask where this greyish appearance comes
from and argue that black metallic nanoparticles are responsible for this
appearance by partially covering the whitish hand and thereby leading
to a greyish appearance. While a clean rope causes little abrasion of
the metal carabiner, during outdoor climbing, ropes frequently con-
tact the ground and mineral dust becomes imbedded into the rope’s
synthetic fiber weave. This is especially true for climbing on volcanic
tuff (e.g., Owens River Gorge, California, USA), where the soil contains
large amounts of fine-grained volcanic ash or tuff [21] that readily gets
imbedded into the rope and makes it act like sandpaper. Such dust
leads to the abrasion of significant quantities of metal from carabiners
or rings used for frequent lowering. A notch in a carabiner due to this
process is indicated by a red arrow at the inside bottom of the carabiner
in Fig. 2a. Small metal particles resulting from this abrasion process
become imbedded in the rope, and subsequently, some transfer to the
belayer’s hands, giving them the greyish appearance seen in Fig. 2b.

3. Theory

To investigate our hypothesis that black metallic nanoparticles can
contribute to the black materials in Figs. 1 and 2, we use Mie theory to
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Fig. 3. Refractive index spectra for aluminum (Al), iron (Fe), titanium (Ti), gold (Au),
and black carbon (BC). The left vertical-axis and blue lines correspond to the real part
of the index, n = Re {m(4)} and the right vertical-axis and red lines correspond to the
imaginary part, x = I'm{m(i)}. The refractive index data originate from [11,23,24].
The vertical dashed line indicates the wavelength of i =0.5 pm used for calculations
below.. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

calculate the SSA for homogeneous, spherical particles representative of
metallic nanoparticles from their complex refractive index m and their
size parameter x. For the metals of interest here, m varies sufficiently
with wavelength A that the scale invariance rule [22] cannot be applied,
which necessitates replacing the size parameter x with the particle
diameter D and wavelength A. As we are interested in the visual
appearance, we choose the mid-visible wavelength A = 0.5 pm for our
initial calculations.

3.1. Refractive indices for some metals

Relevant metals for the abraded nanoparticles discussed in Section 2
include aluminum (Al), iron (Fe), and titanium (Ti). However, as we
will see in Section 4, other metals and non-metals are also present.
Complex refractive index spectra m(Ai) for Al are given by McPeak
et al. [23] and for Fe and Ti by Johnson and Christy [24]. We show
these spectra for the visible spectral region (4 = 0.4-0.7 pm) in Fig. 3,
demonstrating that m spectra for Fe and Ti are similar, yet quite
different from the spectrum of m for Al. For our SSA calculations, we
extract complex refractive indices in the mid-visible (4 = 0.5 pm) from
the published data to find m = 0.626+5.32i for Al, m = 2.76+2.88i for Fe,
and m = 2.37+3.21i for Ti. In addition, refractive index spectra for gold
(Au), given by McPeak et al. [23] and for black carbon [10], given by
Bond and Bergstrom [11], are also included in Fig. 3. These will be used
in Section 3.3 to investigate the coloration of metallic nanoparticles, as
gold nanoparticles are known for their deep red color [5] and black
carbon nanoparticles for their deep black appearance [25].

3.2. Single scattering albedo (SSA) as function of particle diameter

Using Mie theory with the complex refractive indices specified
above, Fig. 4 shows that Al is the most reflective of the metals con-
sidered, having the largest value for the SSA. For Fe and Ti, the SSA
is significantly smaller than that of Al for all particle diameters and
differences in the SSA among these metals are small, i.e., <10%. Small
particles, which are defined here as D < 0.04 pm or x < 0.25, reside
in the Rayleigh regime where the SSA is proportional to their volume,
or D3, Large particles, defined by D > 1 pm or x > 6.3, reside in
the geometric optics regime where the SSA is independent of D in
agreement with everyday experience [7,8]. Between these limits lies
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Fig. 4. Single scattering albedo (SSA) as function of particle diameter D, calculated
with Mie theory for Al, Fe, and Ti at a wavelength of 4 = 0.5 pm and plotted on
a log-log scale. Horizontal dotted lines approximately separate regions in which the
particles appear white (S5A4 > 0.7), gray (0.2 < §54 < 0.7), and black (§54 < 0.2).
Vertical dashed lines approximately separate the Rayleigh (D < 0.04 pm), transition
(0.04 < D < | pm), and geometric optics regime (D > | pm). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

the transition regime, where the SSA evolves from its D3 dependence to
being independent of D and where the rigorous Mie-theory description
can be approximated by anomalous diffraction theory [1]. Note, how-
ever, that the boundaries between these regimes, as shown in Fig. 4,
are only rough estimates [1,7].

Consider Fig. 4 again where the SSA is plotted as a function of
particle diameter D. Large particles (D > 1 pm) show an SSA > 0.7,
which indicates a white appearance. However, this is no longer true
for small particles in the Rayleigh regime (D < 0.04 pm) where the
SSA < 0.2 indicating a black appearance. In other words, for aluminum,
iron and titanium particles to appear black, their diameter must to be
less than 35 nm for aluminum and less than 75 nm for iron and titanium
particles.

3.3. Particle color in the Rayleigh regime

Above, we have shown that small metal particles including those
made of Al, Fe, and Ti are very dark or black at small diameters
(i.e., D < 0.04 pm). However, these calculations were done for only
one wavelength (i.e., A = 0.5 pm) and a related question pertains to the
color of these particles. This is connected to the long known fact that
metallic gold (Au) nanoparticles have a deep red color [5], raising the
question if Al, Fe, and Ti nanoparticles may also be strongly colored.
Here, we do not address this question with color theory that involves
complications of illumination and human color perception [26,27] but
through comparison with the optical properties of black carbon and
gold nanoparticles that are known for their deep black and deep red
color, respectively.

For this comparison, we use Rayleigh theory, appropriate for cal-
culation of nanoparticle SSA spectra from complex refractive index
spectra. Rayleigh theory uses the quasistatic approximation, with the
Lorentz-Lorenz (LL) factor LL(m) [28,29] given by

m?—1
LL(m)= 5, (2a)
with F(m) and E(m) conventionally used to denote the absolute square
and the imaginary part of LL(m), respectively [30] as

F(m)=|LL(m)|*> and (2b)
E (m)=1Im {LL (m)}, (2c)
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Fig. 5. LL factors F(m) (blue lines, proportional to scattering cross section) and E(m)
(red lines, proportional to absorption cross section) spectra for aluminum (Al), iron
(Fe), titanium (Ti), gold (Au), and black carbon (BC). Note that only the Au spectra
have a significant wavelength dependence, the spectra for the other three metals are
fairly flat as function of wavelength 4, similar to the totally flat black carbon spectra..
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

where for the metals of interest, the complex refractive index m is a
function of wavelength A, as can be seen in Fig. 3.

In the Rayleigh regime (D << 1), Rayleigh particle scattering and
absorption cross-sections C,., gqy and Cg, g,y are proportional to F(m)
and E(m), respectively, and can be written as

2
Cica Ray V4, m) = 24x° %F (m) and (3a)
V
Cabs_Ray (V,4,m)=6r IE (m), (3b)

where V = z/6D? is the particle volume. Fig. 5 shows the LL fac-
tors F(m) and E(m), proportional to scattering and absorption cross-
sections, respectively, as function of wavelength for the visible spectral
region between 0. 4 and 0.7 pm. For calculation of Fg-(m) and Eg-(m),
we used the wavelength-independent black carbon refractive index
mge~ = 1.95 + i 0.79 recommended by Bond and Bergstrom [11] for
the visible range; this yields Fp- = 0.392 and Eg-(m) = 0.255. Note
however that Liu et al. [31] recently have given a critical discussion of
the black carbon complex refractive index and concluded that its real
part should be somewhat lower (i.e., n and « should be in the ranges
of 1.5 <n < 1.86 and 0.68 < x <1).

Also note that the LL factors F(m) and E(m) are wavelength in-
dependent for black carbon (no dispersion) in the visible and show
far less wavelength dependence for Al (i.e., 1.27, 1.57), Fe (i.e., 1.06,
1.58), and Ti (i.e., 1.07, 1.88) than for Au (i.e., 2.96, 99.9), where the
first number in the brackets is the ratio between the maximum and
minimum of F(m) and the second number in the brackets is the ratio
between the maximum and minimum E(m) in the visible spectrum.

For absorbing particles in the Rayleigh regime, the SSA can be
approximated as [7]

a2V F (m)
SSApgy, (V,4,m)=4x PEm 4
This approximation is valid in the “black” (SSA < 0.2) region of
Fig. 4, where SSA is proportional to the particle volume or D?. For
a comparison of S§SAg,, with that of black carbon that has a deeply
black appearance, we further normalize SSAg,, to that of black carbon

(i.e., SSARay_BC} to yield SSAgay norm 85

SSAgay (V.4 m) Egc(m) F(m)

= , 5
SSARay_BC (V' A’s m) FBC (m) E (m) ( }

SSARay_Mm (m) =

where this normalization also removes the explicit dependence of
S5SAg,, on particle volume V and wavelength 4.
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Fig. 6. Black carbon-normalized SSA spectra on a logarithmic scale for aluminum (Al),
iron (Fe), titanium (Ti), and gold (Au). Note that only the Au spectrum has a significant
wavelength dependence, the SSA of the other three metal nanoparticles as function
of length i beh imilarly to that of black carbon that has a deeply black
appearance, resulting in fairly flat lines.

This black carbon normalized SSAg,y jorm is shown in Fig. 6 demon-
strating a strong wavelength dependence for Au with much higher
(factor of 75) SSAg,y norm in the red spectral region causing the typical
red color of Au particles in the Rayleigh regime. For Al, Fe, and
Ti, the wavelength dependence is much weaker with ratios between
the maximum and minimum SSAg,, »om being 1.26, 1.54, and 1.77,
respectively. This more than 40-times weaker wavelength dependence
indicates a colorless appearance of Al, Fe, and Ti particles in the
Rayleigh regime, similar to that of black carbon, when compared to
the strongly colored Au particles.

4. Electron microscopy analysis

To investigate if the hypothesized metal nanoparticles are indeed
present in the bicycle drivetrain and climbing rope grime, we per-
formed transmission electron microscopy with energy-dispersive X-ray
spectroscopy (TEM-EDX) analysis of grime samples. This analysis al-
lowed us to determine particle size and elemental composition as
needed to substantiate our claim of the presence of metallic nanoparti-
cles. Three samples were considered: (1) a swab of grime from a bicycle
chain (Shimano Model CN-HG700-11) that had been used for about one
year (~2800 km) in a drivetrain consisting of this chain, and otherwise
4 year old (~15000 km) components including a Shimano FC-6800
crankset with 46X34T chainrings, a Shimano CS-6800 Ultegra 11-speed
cassette, a Shimano FD-6800 Ultegra front double derailleur, and a
Shimano RD-6800 Ultegra GS 11-speed rear derailleur), (2) a swab
of grime from a pulley of the rear derailleur of the same drivetrain,
and (3) a cutting of the outer sheath of a well-used (~10 years old)
rock-climbing rope (Edelweiss Ally, 10.3 mm x 70 m). For brevity, we
denote these samples as “‘chain”, “pulley”, and “rope”, respectively.
Each sample was placed in ethanol to dissolve the grime, which was
sonicated for 15 min to help disperse any particles that may have
remained. A drop of the ethanol-based suspension was then applied to
a 200 mesh copper TEM grid with a carbon substrate. Lastly, the grids
were placed under an incandescent heat-lamp to evaporate the ethanol,
placing suspended particles on the TEM grid.

The TEM-EDX analysis was performed on a 200 kV FEI Tecnai F20
XT system operated at 120 kV providing a magnification of 235000x
with an image resolution of 0.2 nm. Elemental analysis was provided
by a Si(Li) EDAX detector coupled to the TEM. With this detector,
integrated EDX spectra were produced from within regions of interest
(ROI) in the TEM image, which quantifies the relative abundance of
elements contained in the sample within the ROIL In addition, the
elemental content can be mapped onto the TEM image within the ROI
for specific elements revealing the spatial distribution of elements.



H. Moosmiiller, R. Giri, C.M. Sorensen et al

Optics Communications 479 (2021) 126413

Chain
Ti(La)
10007 ¢ |0 Mn (Le) Al(Ka) ca Fe (La) CulKa) Cu (Kp) [ 1000
800 | "Fe(Ka) | Si(Ka) 800
600 (Cu (La) - 600
400 400
200 200
ol Al A : S———— N — SRR “NSISUS, —— 0
i) 1 2 8 4 5 B T 8 ] 10
Pull:
Ti (L) e
10001 G |0 Mn (Lo Al (Ka) cl ca i (Kat) Fe (La) Cu(Ke) Cu(KR) [ 1000
800 (Fe(ka) | SifKa) i 4
800 - !CLl (La) | BO00
400 [ 400
200 - 200
"l n—— . ~ N Lo
0 i 2 3 4 5 8 T 8 9 10
Rope
c
1000 OFe(Ka) Al (Ka) ca Fe (La) Cu(Ka)  Cu (KR) | 1000
800 1 Si (Kix) [ &00
|
£ 600 Cu (La) i
8 400 Mg 400
200 | I 200
0 Aa adh - —— e . B I 0
1] 1 2 3 4 5 (-] T 8 9 10
anergy [ke\/]

Fig. 7. Transmission electron microscopy energy-dispersive X-ray spectroscopy (TEM-EDX) analysis of grime samples. Two samples were taken from a used bicycle drivetrain: one
from the chain, labeled “chain”, and another from the derailleur pulley, labeled “pulley”. The third sample was taken from a well-used climbing rope, labeled “rope”. The EDX

spectra are shown in blue for each sample with peaks labeled by the corresponding elements with a red line connecting the peak and the label. (For interg

to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Images showing the ROI in the TEM analysis of Fig. 7 and the spatial distribution of selected elements within this ROI. The images labeled “TEM xxx nm"” denote the
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Fig. 7 shows the results of our TEM-EDX analysis. For each sample,
the EDX spectra are shown for a given ROI in the TEM image of the
sample. Each peak visible in the spectra is labeled by the corresponding
electron transition of the element, e.g., Fe (K a), Fe (L a), etc. We
see that C is the dominant element present, which could be due to
the carbon substrate of the TEM grid or organics in the samples.
Indeed, given the hydrocarbon nature of bicycle-chain lubricant and
the carbon content of nylon rope, we expect to see large quantities of
C in the samples. The presence of O could also be accounted for by this
explanation. What is interesting here is that we see clear evidence for
the presence of metals, particularly Al, Fe, and Cu. While the presence
of Cu could be due to the TEM grid, there appear to be no obvious
sources for Al and Fe other than that they come from abrasion of the
metal surfaces of the bicycle drive train or of the Al or steel carabiner
in the case of the rope.

Further evidence for this conclusion is provided in Fig. 8 from
four images shown for each sample. First, consider those for the chain

es to color in this figure legend, the reader is referred to the web version of this article.)

sample. The image labeled “TEM 200 nm” shows the TEM ROI where
the red scale bar in the image has a length of 200 nm. In the other
samples, the scale bar is similarly indicated by the image label. This
image reveals the general morphology of the sample at the nanoscale,
where for all samples, nanoparticles are visible. The accompanying
images give the spatial distribution of a single element, indicated by
the image label throughout the same ROI. Importantly, these images
reveal that the elements considered were not distributed in the ROI in a
diffuse manner, but rather were concentrated in regions consistent with
specific nanoparticles visible in the TEM images. Moreover, consider
the Fe element map for the chain sample and compare it to the other
three images. Here, one sees a distinct region of red in the Fe map
that is consistent with an irregular shaped nanoparticle in the TEM
image. This same region shows little signal in the other element maps,
Al and Si, suggesting that this particle was mostly Fe in composition, or
perhaps, a compound with another element for which a map was not
collected, i.e., O or C.
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5. Future work and implications

While the blackening of bicycle drivetrains and rock-climbing ropes
is a common fact, well known to bicyclists, bicycle mechanics, and
rock climbers, we are not aware of any previous, reasonable explana-
tion of these optical phenomena. Here, we give such an explanation
based on basic electromagnetic theory and on observations of metallic
nanoparticles on bicycle drivetrains and ropes. However, to further
substantiate our observations, improved sampling and analysis pro-
cedures need to be developed to strengthen the causal relationship
between the production of metallic nanoparticles through abrasion and
the black appearance of grime. This work also needs to be expanded
to other blackening processes, potentially caused by abrasion-produced
metallic nanoparticles, such as the rapid blackening of lubricating oil
and grease, and of honing and cutting fluids.

If indeed present, the implication of such metallic nanoparticles on
human health are also of great interest and should be investigated. For
example, metallic nanoparticles generated during rock climbing may be
toxic and may enter the human body through dermal absorption [32].
Such particles are also likely to be produced and entrained into the am-
bient air when the climbing rope runs through the belay device, which
is in close enough proximity to the belayer to be inhaled, or in machine
shops where grinding, honing, milling, and lathing are common activ-
ities. While this process has not been studied, such metallic aerosols
are likely to be inhaled and are potentially toxic [33]. Therefore,
further study of metallic nanoparticle production through abrasion,
their optical properties, their transport in the environment leading to
human exposure, and their health impacts is urgently needed.
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