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TEM = Transmission electron microscope
VA = Atomic number
OSHA = Occupational Safety and Health Administration

I. Introduction

HE International Space Station (ISS) has been receiving crews since the year 2000. On the ISS, airborne

particulate matter, or, acrosols, of various diameters are able to freely float throughout the station since they do
not undergo gravitational settling. The presence of such aerosols are commonly discussed by ISS crewmembers'?, yet
they remain understudied. As a result, the Aerosol Sampling Experiments, conducted in 2016 and 2018, sought to
investigate the aerosols present on the ISS**°. These experiments utilized both Passive Samplers (PAS) and Active
Samplers (AAS) to obtain a wide size range of aerosols. The PAS collection substrate consists of a black carbon sticky
tape onto which particles adhere to. The AAS uses a TEM grid substrate. In 2016, seven PASs were placed on various
ISS air vent filters throughout the station, and allowed to collect particles for 2, 4, 8, 16, 26, and 32 days. After
collection, the samplers were sent back to Earth and the optimal substrate from each PAS underwent analysis using
scanning electron microscopy (SEM), computer-controlled SEM (CCSEM), and energy dispersive spectroscopy
(EDS). The samples were distinctly different from typical aerosols sampled from indoor spaces on Earth. The most
remarkable aspect were the many different metals and multi-component particles with individual metal inclusions
within a carbonaceous matrix. Consequently, a metals analysis was the first approach to CCSEM on one substrate
from each PAS, followed by an analysis of all particles (carbon and metals) for one ISS location. The results of these
analyses resulted in an abundance of data on both individual particles and on metal inclusions in particles, including
elemental composition and morphology. The repeat sampling experiment in 2018 augmented the data set and
improved the statistics by exposing sampling substrates for five PASs on vents for 26 days and analyzing all the
samples.

NASA has continuously emphasized the importance of allowing the public to interact and engage with its missions
and initiatives through the use of open-source data®. As a result of the large dataset developed through the ISS aerosol
missions, the International Space Station Aerosol Sampling Experiment web application’ was created. This
application, openly accessible on https://iss-particle-db.arc.nasa.gov, allows users to easily plot and visualize data
from the 2016 and 2018 aerosol experiments. This tool allows researchers, teachers, students and the scientifically
curious to easily plot the ISS aerosol data to learn about indoor air quality in spacecraft.

II. Data Overview

A. Sampler Data

In 2016, eleven samples were selected for CCSEM analysis, as described in Table 1. These samples were selected
based on having sufficient particle coverage on the sampling substrate. If particles are too crowded, then the edges
overlap and it is difficult to determine where one particle ends and another begins. If particles are too sparsely loaded,
then it is difficult to do CCSEM, and manual microscopy is preferred. The first analysis on the ISS samples was
conducted on metal particles and metal inclusions within particles. CCSEM requires a user-defined lower size limit
for the analysis, which was determined to be 1 pm for optimal performance. Smaller particles would require analysis
by manual microscopy and the additional cost was not prioritized because the AAS TEM grids targeted that size range.
In SEM backscattered electron images, high atomic number materials tend to have higher contrast against the black
carbon tape subtrate vs. the grey-scale carbon and lower atomic number particles, therefore, only metals with an atomic
number, Z, greater than or equal to 22 (titanium) were targeted to improve edge detection.

For the 2018 experiment, all the substrates were exposed for 26 days and they all had sufficient particle coverage.
These were analyzed in the same manner as the 2016 sample set.

Another analysis type included all particles with measured diameters of 5 um and larger (carbonaceous and
metals). The lower size threshold made the analysis feasible, when considering the edge detection challenges of grey-
scale carbon particles. In the 2016 analysis, the PAS at NOD3D3 was selected for this analysis since all five of the
different sampling day substrates had suitable coverage for CCSEM. The 2-day sample had sufficient particles for a
good analysis, and the 32-day sample was not too heavily loaded. For the 2018 payload, one substrate from the PAS
at LABIPD3 was selected for the same analysis. Through CCSEM, values for particle size, morphological
characteristics, and elemental composition were obtained.
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Table 1. Passive Sampler substrates analyzed using CCSEM.

LOCATION NOTATION ACTIVITIES SAMPLING
Duration

Node 1 Deck 3 NOD1D3 Eating Area 16, 26"

Node 3 Deck 3 NOD3D3 Hygiene + Exercise 2,4,8, 16,26, 32

Permanent Multipurpose Module PMM Storage 32

(PMM)f

Node 2 Deck 3 NOD2D3 Crew Sleep + 26, 32

Vehicle Docking

Node 3 Forward 3 NOD3F3 Hygiene + Exercise 8,26

US Lab Bay 1 Port/Deck Standoff? LAB1SDI Experiments 32

US Lab Bay 3 Port/Deck Standoff LAB1PD3 Experiments 16, 26

*All 2018 samples were left out for 26 days

fLocation was only sampled in 2016

The ISS Aerosol Sampling web application contains information on 5738 metal particles from 2016 and 48,740
particles from 2018, for a combined total of 54,477 particles grouped into 78 particle classes. Each particle has unique
values for elemental composition, morphology, and size. Figure 1 provides a demonstration of the abundance of data
from both the 2016 and 2018 experiments. It must be emphasized that these particles may not be free-floating and
may be metal inclusions in larger complex particles. There are significantly more particles from the 2018 experiment
because all substrates were exposed for 26 days, a duration chosen based on the results of the first sampling. On Earth,
aerosol sampling is typically an iterative process and may take many attempts before the optimal sampling duration
is achieved. Fortunately, the range of different exposure times (based on an initial guess) for 2016 sampling yielded

a definitive range for good particle coverage across all the different locations.
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Figure 1. Comparison of the 2016 and 2018 results of all particles in the ISS Aerosol Sampling web application

database. The weight percentage of each particle class (out of 100% for sample set) is plotted, with the ten
most abundant particle classes shown in the inset

B. Computer Controlled Scanning Electron Microscopy

Computer controlled scanning electron microscopy, or CCSEM, was used to analyze the aerosol samples.
Specifically, IntelliSEM®, a program developed by the RJLee Group, was utilized. With CCSEM, the process of
finding and characterizing particles from an SEM image becomes automated, providing a more comprehensive

dataset’. The core processes of CCSEM include particle detection, size and shape measurement, and determination of
elemental composition is simultaneously

acquired from EDS.

Particle detection and measurement is
accomplished by using the backscattered
electron (BE) mechanism of image
formation. With this technique, heavier = [
elements appear brighter. Image analysis
techniques using pixel color contrast can
detect the edges of the particles and
measure multiple geometric parameters.
Once particles are measured and detected,
EDS is used to determine the elemental *
composition of each particle. Energy of
each x-ray photon is measured and the sum  °
of counts is compiled into a spectrum, such
as in Figure 2. The location of peaks ' ; 2 ' .
correspond to the elements present and the
size of the peaks can, in some cases,
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Figure 2. High Resolution SEM micrograph from manual microscopy
inform the relative abundance of these of a silver particle along with its respective EDS spectrum

elements in the particle analyzed. The

silver particle shown in Figure 2 is a high-resolution micrograph imaged by manual microscopy (separate from the

CCSEM analyses). Some representative particles from different particle classes were chosen for more detailed study
but are not included in the website.
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Summarizing the CCSEM results is simplified by the creation of particle classes. These are formed by applying
user-defined rules that are based on the relative abundance of elements and frequently occurring combinations of these
elements in the sampled particles. In order to keep a data set manageable, there should be no more than 60 to 70
distinct particle classes. The classes chosen for one analysis may not be suitable for subsequent analyses and will
depend on the randomness and statistics of each individual sampling results. Some particles do not get their own
particle class, for example, if there are only one or two particles that are similar and cannot logically be grouped into
other classes, these will be in the category ‘miscellaneous.” Some particle classes have nearly the same names, such
as Ag-rich and Ag-bearing, which are based on the relative abundance of Ag outlined in the user-defined particle class
rules. A more detailed explanation of particle class rules can be found in Ley et al. that examined silver particles on
ISS. The website currently has 78 particle classes because the two individual analyses from 2016 and 2018 were
combined for comparison purposes. This is subject to change in the event that future sampling results are added to
the site.

III. Website Features

The website includes many options of visualizing the data without downloading it. The user has an option to
create plots and can control the plotting attributes. Several interactive features exist within the ISS aerosol website
across tabs. These include the elemental composition pie chart, the plot, and the interactive plot. The elemental
composition pie chart provides an overview of the most abundant particle classes found at specific ISS locations and
sampling times. The plot and interactive plot tool visualize data in the form of a scatter plot, boxplot, density plot,
mean and error bar plot, and a histogram. Particles can be plotted based on different particle morphology parameters
as well as by particle abundance in the sample. This allows users flexibility when assessing for trends in the data.

The public website (https://iss-particle-db.arc.nasa.gov/) was developed using the combination of R programming
language, JavaScript, HTML, and CSS. The website has a responsive and modern interface. Widely used open-source
packages were used and extended to build the interactive website, including Shiny, gglot2, and plotly. The “App Info”
tab of the site contains a more detailed description of the packages used to make the site. The website was deployed
using RStudio Connect software and runs on the web servers, hosted by the NASA Ames Code-1 Managed Cloud
Environment.

A. Elemental Composition Pie Chart

Elemental Composition Pie Chart Plot Interactive plot Help App Info Publications and Resources

Create visualization
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Figure 3. Elemental composition pie chart for NOD3D3-32. ISS Locations and sampling durations are
selected from the dropdown menu on the left.

International Conference on Environmental Systems



The Elemental Composition Pie Chart uses a color-coded pie chart to plot the overall weight percentage of each
elemental particle class for each sampler and its respective sampling duration. The dropdown menu allows the choice
of the location, followed by the number of days the sampling substrate was exposed. It also displays a table at the
bottom showing a weight percentage value for those particle classes that have a weight greater than or equal to 5%.

B. Plot Options

The plot tool features several different types of graphs to visualize the aerosols. These include a scatter plot, box-
and-whisker plot, mean and error bar plot, and a histogram. Examples of some of these visualizations are shown in
Figure 4. Note that future changes to the website may result in differences in format and plotting options.
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Figure 4. Examples of plot visualizations. (a.) Box-and-whisker plot of average diameter by sampler location
(b.) Mean + error bar of average diameter by sampler location (c.) Scatter plot of average diameter by plot
location (d.) Histogram of average diamater

The boxplot, also called a box-and-whisker plot, displays the mean as the center line, the 25% and 75% percentile
as the top and bottom lines of the box, and minimum and maximum with the vertical error bars. Outliers are displayed
as points, as seen in Figure 4a on the NOD1D3 and NOD3D3 plots. The boxplot also has the option to show all the
individual particle data points overlayed atop the boxplot. The mean + error plot displays the mean as the center point
and the associated standard error as the vertical lines. The scatter plot displays all of the available data to show the
relationship between the two variables selected. The histogram displays the frequency of the given variable per ‘bin’
value. The bin value, also known as the interval, divides the data in groups based on if they fit the range of the specified
interval. The interval can be adjusted by the user to achieve the desired visualization.
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Several particle-related variables are available to plot on the web application. Particle morphology parameters
are quantified in CCSEM and selected variables can be plotted using the tool. These include average diameter, aspect
ratio, volume, and roundness. In addition to particle morphology statistics, the percentage of each element in the
particle can be plotted by selecting any of the available elements shown in Figure 5 from the plot dropdown menus.
The aforementioned variables can be plotted on the y- or x-axes, and a ‘group’ variable can be added to include a third
dimension to the plot when applicable (note that some group variables can be plotted but are not necessarily
meaningful for every combination of x- and y-variables). Other variables that can be plotted on the y-axis or as a group
include particle class, ISS location, ISS location duration (the location code followed by a hyphen and the number of
sampling days), and each individual element (the magnitude reflects the relative net x-ray counts).
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Figure 5. Elements available to plot on database. Note that elements less than or equal to atomic number 22
exist in combination with of other elements, but the CCSEM edge detection threshold targeted brighter
particles (titanium and higher atomic number) so individual particles solely comprised of these elements were
not included in the analysis.

The ‘facet row’ and ‘facet column’ features allow for additional organization of data. These allow for one to “split”
up the data by either particle class, ISS location, ISS location with time, or heavy metals. The facet row organizes the
data horizontally, while the facet column splits it vertically. Figure 6 shows an example with all of the variable features
of the plot tool utilized, as well as a screengrab of the ‘Plot’ user interface.
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Figure 6. Plot with Group and Facet Column features. Aspect ratio is plotted on the y-axis as a function of

roundness on the x-axis. The data is then grouped by particle class and color-coded accordingly. Additionally,
ISS location is used as a facet column to split the data

C. Interactive Plot

The interactive plot features the same functionalities of the plot tool, except that it has additional interactive
elements. The most significant feature is the ability to filter by subgroup. When data is grouped, the normal plot will
display all groups within the variable selected. However, with the interactive plot, one can filter out certain subgroups
to create a better visualization. Single-clicking a subgroup that is already on the plot will remove it, while single-
clicking a subgroup not on the plot will add it. Double clicking a group will isolate that subgroup on the plot. Double-
clicking again adds all of the subgroups back onto the plot. This feature is shown in Figure 7.
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Figure 7. Interactive plot displaying only subgroups ‘Ni-rich’ and ‘Si(Ag)’. This plot is identical to the plot in
Figure 6 with the exception that only certain subgroups are displayed. The ‘hover’ feature is also displayed,
which shows more detailed particle information. These are features unique to the interactive plot.

Additional interactive features include the ability to hover over a point to show more details information on that
particle. A text box opens that displays exact values for the variables plotted on the x and y-axis and the group
variables, as shown in Figure 7. Other features of the interactive plot include zooming and panning to create a better

visualization. One can also select data using either the box or lasso tool. All of these features exist to better display
data of interest.

D. Plot Attributes

The ‘Change Plot Attributes’ feature on the right-hand side of the graphs allows for customization of the
visualizations created on the web application. The ‘Text’ tab allows for customization of axes labels, title, font size,
and font. The overall appearance of the plot can be changed using the ‘Theme’ tab. The ‘Legend’ tab allows one to
rename the legend, as well as remove it or change its position. The size of the plot can be adjusted on the ‘Size’ tab,
either on the screen itself or for download. The entire user interface of customization options is shown in Figure 8.
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Figure 8. Available plot attribute tools. (a.) Text tab. (b.) Theme tab. (c.) Legend tab. (d.) Size tab

IV. Aluminum-Chlorine-Zirconium Example

In previous studies, Al-Cl-Zr was found to be the most abundant metal-containing aerosol collected by the
samplers. Large amounts of this particle class were located in Node 3 of the ISS, which is where crewmembers
commonly participate in exercise and personal hygiene. The compound was concluded to be aluminum zirconium
tetrachorohydrex, commonly used in antiperspirant®. In this example using the 2016 data, the morphologies of Al-Cl-
Zr particles are assessed.

A. Al-CI-Zr Morphology

First, Al and Cl are plotted as a scatter plot, then further grouped by particle class content. A cluster which
contains Al, Cl, and Zr is clearly shown in Figure 9.
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Figure 9. Al-CI-Zr cluster, shown in orange.
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We further seek to assess any potential morphology trends within the Al-Cl-Zr cluster. This is achieved by creating
box-and-whisker plots for each of the morphological parameters. According to ASTM “Standard Practice for
Characterization of Particles ° and the IntelliSEM user manual®, the parameters are defined as follows:

Aspect Ratio: AR = dpay/Amin (1)
Where da is the longest straight line that can be drawn between any two points on the outline of the particle and din
is the longest line perpendicular to dmax

Roundness: R = (44)/(md?,,) )
Where A is area and d,, is the maximum diameter.

Average Diameter: Dy is determined using the Feret Box method, which involves rotating a box around the particle
and recording each measurement. IntelliSEM uses a total of 90 measuremets.

Volume: v==2n (Davg)3 3)

3 2

Volume is estimated using the equation for volume of a sphere and the average diameter of the particle.

Box-and-whisker plots of the different morphological parameters are shown in Figure 10.
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Figure 10. Box-and-whisker plots of Al-CI-Zr morphology based on ISS location. (a.) Aspect ratio (b.)
Average diameter (c.) Volume (d.) Roundness.
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View field: 826 ym WD: 13.87 mm | | MIRA3 TESCAN]|
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Figure 11. SEM image of a large carbon-
based particle with many embedded Al-Cl-Zr
particles (the bright inclusions).

PM10 refers to particulate matter under 10 microns. These
particles can have health effects on humans as they are able to be
inhaled and can penetrate into the respiratory system'°. Given
that the average particle diameter for AI-CI-Zr particles is
approximately 5 micrometers, this makes them a likely candidate
for inhalation by crewmembers, if they are free-floating
individual particles. The small size of the particles may also be
damaging to equipment'' aboard the ISS, especially if they are
irregularly shaped. Given the median aspect ratio is
approximately 1.4 and the median roundness is approximately
0.5, we can conclude most of the Al-CI-Zr particles are likely
globular shaped, as demonstrated in Figure 11. Note that the
bright inclusions within in the particle depicted here are the Al-
Cl-Zr particles, so 5 micrometer particles would not be free-
floating in this case. When particles agglomerate into larger
particles or are part of a larger structure (greater than PM10), they
can easily be stopped by the nose and will not enter the body,
however they are considered nuisance particles.

V. Lead Content Example

As amore novel example to show the utility of the web application in locating specific particles, lead (Pb) presence
on the ISS is shown. Despite only making up a small fraction of the total particles samples, Pb can have significant
health effects'?. In this analysis, we locate particles with the largest lead content to estimate abundance, and particles
under 10 microns to assess the risk of inhaling such particles.

A. Lead on the ISS

Figure 11 shows Pb % plotted on the y-axis, ISS location plotted on the x-axis, and grouping of particle classes by
color for the 2016 data set. Upon inspection, it is seen that several particles have Pb percentages greaer than 20%,
with one particle in particular containing up to 81.62% Pb. To estimate the abundance of lead, Pb and particle volume

are plotted in Figure 12.
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Figure 12. 2016 data for Pb percentage per particle plotted with ISS location and grouped by particle class.
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Figure 13. Zoomed in Plot of Pb and volume, grouped by ISS location (2016 data). Numbers show particles
ordered by largest amount of Pb, by mass.

To calculate the mass of each particle, Equation 4 is used. The results of the calculation are shown in 7able 2.

mparticle = Percenth X Vparticle X DenSitbe (4)

Table 2. Pb percent, particle volume, and mass of Pb per particle from Figure 12.

PARTICLE SAMPLING PBPERCENT (%) VOLUME OF PARTICLE(uM?® MASS OF PB (G)
NUMBER LOCATION

1

N SN U AW N

NOD2D2 11.25 176453 22.53
NOD3D3 2.07 272713 6.41
NOD3D3 5.01 73115 4.16
NOD3D3 12.46 22039 3.12
NOD3D3 1.08 208746 2.56
NOD2D2 2.44 87739 2.43
NOD2D2 10.58 15189 1.82

The majority of significant lead-containing particles are located on Node 2 and Node 3, as demonstrated in Figure 12.

Another concern regarding lead is its ability to be inhaled by crewmembers. To estimate the mass of inhalable

particles, Pb and average diameter are plotted in Figure 13. Furthermore, we focus on those particles with diameters
under 10 microns and a Pb percentage greater than 40%.
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Figure 14. Zoomed in plot of Pb and average diameter. Numbers show particles ordered by largest amount
of Pb, by mass.

Once again, the mass of lead in each particle is calculated using Equation 4. The results of these calculations as well
as exact data for each particle is presented in Table 3.

Table 3. Pb percent, particle volume, average particle diameter, and mass of Pb per particle from Figure 13.

PARTICLE SAMPLING PB PERCENT AVERAGE PARTICLE MASS PB(MG)
NUMBER LOCATION (%) PARTICLE VOLUME

DIAMETER (nM®)

(nM)
1 NOD3D3 73.39 10.55 329.68 2.73E-03
2 NOD3D3 55.33 7.34 126.01 7.87E-04
3 NODIDI 42.06 6.26 101.6 4.82E-04
4 NOD3D3 45.62 6.45 89.38 4.60E-04
5 LAB1PD3 81.62 3.89 28.47 2.62E-04
6 NOD3D3 71.09 3.34 12.31 9.88E-05
7 NOD3D3 54.61 3.5 10.59 6.53E-05

B. Possible Lead Sources and Implications

Since the 1990s, many United States military specifications require using approximately 2-3% Pb in tin coatings
and solders'3 as a result of the electronic failures associated with the formation of tin whiskers. Additionally, the
Restriction of Hazardous Substances Directive (RoHS), which prohibits the use of lead in electronics in the EU, was
not implemented until July 1% 2006. Despite the reduction in lead from supplier electronics, the U.S. has yet to
implement regulations preventing the use of lead in electronics'. It is therefore plausible that electronics containing
lead are still in use on the ISS. Some representative particles were imaged separately by manual microscopy in high-
resolution micrographs with the corresponding EDS spectra. One such micrograph is shown in Figure 12, which
demonstrates a lead-containing particle located in the US Lab from the 2016 sampling experiment. While mostly
comprised of aluminum, this particle contains both a Pb-Sn-Bi (Cu) inclusion and a Pb-rich inclusion. The presence
of these metals commonly found in electronic components (Al, Pb, Sn, Cu) indicate the particle is likely from an
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electronic source. As in the example of Figure 11, the Pb particle is not free-floating in this case and has
agglomerated onto a larger particle. Therefore it would not be considered PM10 and is not inhalable.
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Figure 15. (a.) SEM micrograph from manual microscopy of aluminum silver with Pb and Pb-Sn-Bi(Cu)
inclusions. (b.) EDS spectrum of defined region within the particle showing Pb-rich inclusion. (c.) EDS
spectrum of defined region within the particle showing Pb-Sn-Bi(Cu) inclusion.

The OSHA permissible exposure limits on lead are defined as 50 pug/m? over an 8 hour period'>. While a concurrent
study calculated an estimate of the airborne concentration of lead in the ISS to be approximately 0.001% of the OSHA
limit'%, the number of sub 10 micron particles containing significant percentages of lead should be noted in future
aerosol sampling data to gauge whether the emissions are sporadic or relatively consistent, and are not increasing.

VI. Conclusion

The CCSEM and EDS analyses of the samplers from the 2016 and 2018 aerosol sampling experiments produced
an abundance of particle composition and morphology data. As a result of this dataset, the ISS Particle Database
website was created. The features of the application include elemental composition pie charts (by weight percent) and
powerful plotting and interactive plotting tools. These tools allow for the plotting of the nearly 54,500 metal particles
(and metal inclusions in larger particles) analyzed and their characteristics, including size, elemental composition and
morphology. Additionally, data can be organized by sampling locations, durations, and particle classes. This data was
the foundation for future aerosol experiments on ISS, such as the Airborne Particulate Monitor payload which provided
the first real-time particle measurements for the purpose of air quality quantification!”'%1°,

The web application’s utility is demonstrated with the example case showing the morphology of aluminum
zirconium tetrachorohydrex particles, as well as the presence of lead-contaning particles. It is concluded that the likely
source of Pb particles on the ISS is from electronic components, such as circuit cards, on the ISS. While the RoHS
Directive helped to make Pb-free electronics more of a standard, the U.S. still lacks any legal implication for the use
of Pb in electronics. Therefore, it is plausible that lead on the ISS comes from older electronic equipment.

Future work includes the improvement of the database capabilities, therefore there may be differences in format,
plotting options and content vs. what is shown in this paper. Further updates can be found on the Aerosol Sampling
Experiment webpage?’. Ideally, ISS sampling experiments would be repeated periodically for comparison purposes
and to expand the data set for better statistics. Additionally, it is anticipated that the public web platform will allow
researchers within NASA and outside NASA to study air quality in spacecraft, similar to other public NASA databases.
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University professors and high school teachers can create course content and projects in STEM with this tool, and the
curious lay person can explore this data to learn about the environment in which astronauts live.
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