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A B S T R A C T

Fire is an imminent risk in space activities. Toxic gas and particle emissions can quickly reach dangerous levels in 
sealed environments. To improve smoke detection, protection, and post-fire cleanup, understanding the emis
sions from the pyrolysis of spacecraft-relevant materials is crucial. This study investigated the pyrolysis of four 
common spacecraft materials, including Kapton, polytetrafluoroethylene (PTFE), Teflon/Kapton/Teflon (TKT) 
wire insulation, and Velcro™, to identify, evaluate, and quantify their gaseous and particulate emissions. Kapton 
emitted high levels of carbon monoxide and hydrogen cyanide, PTFE and TKT emitted multiple toxic fluorine- 
based gases including carbonyl fluoride and hydrogen fluoride, while Velcro™ had the highest PM2.5 emission 
factor. Most particles were in the submicron size range, with mode diameter peaked in the 100–200 nm range. 
The particles were nearly electrically neutral, carrying less than 0.15 net elementary charges per particle. 
Organic compounds predominated in the particle compositions.

1. Introduction

Fires in space activities pose an immediate danger to astronauts, 
equipment, and mission viability. As mission durations increase, the 
chances of fire are likely to increase [1,2]. Fire risks in the sealed 
spacecraft environment are greater than in most terrestrial locations 
because toxic gases and particles can quickly reach dangerous levels. 
Limited methods exist to suppress these fires, ventilate smoke, and 
evacuate occupants. Characterizing emissions from burning spacecraft 
materials is crucial for designing smoke detectors, respirators, fire ex
tinguishers, post-fire cleanup strategies, and understanding long-term 
health impacts.

A growing fire must be detected as early as possible to prevent 
escalation into a more severe scenario. In the event of a survivable fire 
[3], mitigation measures should be implemented to reduce toxic com
bustion and pyrolysis byproducts. However, traditional spacecraft fire 
detection methods, which are based solely on detecting smoke particles 
(e.g., for space shuttles and the International Space Station [ISS]), face 
challenges in the novel spacecraft environment. On Earth, smoke rises 
and accumulates at the ceiling due to buoyancy, enabling early detection 
at the ceiling. In microgravity, this natural concentration mechanism 

does not occur, and particle transport is dominated by turbulent mixing 
driven by the Environmental Control and Life Support System (ECLSS). 
Urban et al. [4] show that the rapid particle filtration rates typical of the 
ISS ECLSS may outpace smoke emission rates in the early stage of a fire, 
increasing the likelihood that the fire will go undetected. These results 
suggest that adding gas-phase detection targets, such as carbon mon
oxide (CO), could enable faster and more reliable fire detection than 
particle detection alone, since gases are not subject to this rapid filtra
tion [4]. Furthermore, studies of spacecraft smoke demonstrate that 
current smoke detector technologies vary in reliability depending on the 
properties of smoke particles. Meyer et al. [2] report that the ISS fire 
detector did not reliably alarm for PTFE and Kapton smoke, two mate
rials commonly found on the ISS, especially in electrical wire insulation, 
where early fires might start. Together, these results suggest that no 
single detection method can effectively detect all spacecraft fire sce
narios, and a combined detection approach targeting both particles and 
gases could improve early fire detection.

Characterizing toxic gases from spacecraft material pyrolysis is 
essential to assess the risk and potential outcomes of spacecraft fires [5]. 
This underscores the need for improvements in in situ trace contaminant 
analysis, especially as longer missions farther from Earth (e.g., to the 
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Moon) are planned. While major atmospheric gases on the ISS (i.e., ni
trogen [N2], oxygen [O2], carbon dioxide [CO2], methane [CH4], 
hydrogen [H2], and water vapor [H2O]) are measured by the 
mass-spectrometer-based Major Constituent Analyzer (MCA) [6], trace 
contaminant concentrations are typically characterized through bottle 
collections and ground-based analysis. Motivated by the need to monitor 
and respond to atmospheric toxicants without ground support, NASA 
has prioritized the development of in situ trace gas analyzers [7,8], 
including two laser absorption-based gas sensors developed specifically 
for monitoring spacecraft fire byproducts: the Anomaly Gas Analyzer 
(AGA; Vista Photonics) and the Combustion Products Monitor (CPM; Jet 
Propulsion Laboratory [JPL]). The most recent version of the AGA 
monitors nine gases (CO, CO2, hydrogen cyanide [HCN], hydrogen 
fluoride [HF], hydrochloric acid [HCl], O2, H2O, ammonia [NH3], and 
hydrazine [N2H4]), while the CPM monitors O2, CO, CO2, HCN, HF, and 
HCl. O2 is essential for life, while H2O is important for comfort and 
hydration. CO, CO2, HCN, HF, and HCl are toxic fire byproducts, 
whereas NH3 and N2H2 may indicate a leak from temperature control 
loop or propellant system. Both the AGA and the CPM have been 
flight-demonstrated with microgravity fires during the Spacecraft Fire 
Safety (Saffire) suite of experiments [9,10], and the AGA has also been 
flight-tested aboard the ISS [11]. Prior to flight, the AGA and CPM were 
ground-tested alongside in situ reference measurements for targeted 
analytes. Ex-situ reference measurements, including gas chromatog
raphy, mass spectrometry, and ion chromatography, were also obtained 
during this test campaign to analyze the fire signatures of various 
spacecraft materials. However, further work is needed to investigate the 
evolution of gases throughout an oxidative pyrolysis event [12]. 
Fourier-transform infrared spectroscopy (FTIR) gas analyzers are ideal 
tools for identifying and quantifying gases emitted from fires in real time 
[13], especially when the full range of gases produced during a fire or 
pyrolysis event is not yet understood.

Particle size and charge distributions influence smoke detection, 
penetration through respirators, and deposition in the human respira
tory tract. Several past studies used instruments that were too slow (1–2 
min per scan) to accurately capture transient size changes [14–16]. 
Fast-size distribution measurement instruments, such as the Electrical 
Low-Pressure Impactor (ELPI; Dekati Ltd) [17–20], can measure size 
distributions at 0.1-s intervals. The ELPI can also measure the natural 
charge distributions carried by particles [21]. These features make the 
ELPI an attractive choice for measuring the size and charge distribution 
of smoke particles.

The goal of this study is to better understand the gas and particulate 
emissions from the pyrolysis of modern spacecraft materials. The spe
cific objectives are to: 1) characterize toxic gas emissions from space
craft material pyrolysis; 2) measure particle size and charge 
distributions as well as chemical compositions; and 3) determine emis
sion factors for gases and particles.

2. Materials and methods

2.1. Sample materials

This study measured pyrolysis emissions from four common space
craft materials (pictured in Fig. S1), including Kapton, PTFE (poly
tetrafluoroethylene; Teflon), Teflon/Kapton/Teflon (TKT) wire 
insulation (Thermax M66759/86-20-9), and Velcro™. Kapton is a Poly 
(4,4′-oxydiphenylene-pyromellitimide) film with a chemical formula of 
C22H10N2O5 (Fig. S2a). It is typically used in electronics, spacesuits, and 
spacecraft shielding for electrical and thermal insulation [22]. It is 
thermally stable over a wide temperature range from − 269 to 400 ◦C. 
Kapton is self-extinguishing with the highest UL-94 flammability rating 
of V-0. PTFE is a synthetic fluoropolymer of tetrafluoroethylene with a 
chemical formula of (CF2-CF2)n (Fig. S2b). PTFE is commonly used for 
wire insulation, water storage bladders, sampling bags, suits, and cargo 
liners and has a melting point of ~327 ◦C. TKT wire insulation (Fig. S3) 

is widely used in aeronautics and space industries due to its improved 
thermal/fire-resistant properties as compared to PVC or Kapton insu
lation with current varieties performing up to 260 ◦C [23]. 
Adhesive-backed Velcro™ circles made out of Nylon, also called Vel
coins™, are commonly used to secure items during transport or as fas
teners under low gravity environments. Velcro™ is the most flammable 
of the four test materials, so wall-mounted quantities are limited on the 
ISS. The flaming behavior of nylon Velcro™ was observed by Olson and 
Sotos [24] in low gravity. All these materials experience oxidative py
rolysis and emit smoke when exposed to overheating such as in an 
electrical short circuit.

To allow test materials to be inserted into the NASA White Sands 
Smoke Generator (WSSG; Fig. S4), the Kapton film was cut into ~8 mm 
× 8 mm squares or smaller, as shown in Fig. S1a. PTFE came in the form 
of a 5 mm diameter cord that was cut into 1–3 mm lengths (Fig. S1b). 
The TKT (Fig. S1c) insulation consists of a Teflon-coated exterior bonded 
to a Teflon sleeve around a layer of Kapton, with the innermost sleeve 
being Teflon as shown in Fig. S3. The insulation was stripped from 20 
American wire gauge (AWG) aerospace-grade wire, cut open to expose 
the Kapton interior, and then cut into 5 mm or shorter pieces for heater 
insertion. The Velcro™ (Fig. S1d) was procured as 1.3 cm-diameter 
Velcoins™, circular pieces with adhesive backing.

The carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) elemental 
compositions of the sample materials and the ashes after pyrolysis were 
measured using an Elemental Analyzer (Model Flash EA1112, Thermo 
Scientific), and the data are summarized in Tables S1 and S2. Average 
sample sizes and percent of original mass for the ash are listed in 
Tables S1 and S2 as well.

2.2. Oxidative pyrolysis experiments

The WSSG (Fig. S4) was used to pyrolyze sample materials and 
generate smoke under controlled conditions. This device was developed 
by NASA to establish a standard smoke generation method for charac
terizing combustion and pyrolysis emissions from spacecraft-relevant 
materials [12]. The test material was wrapped in a mica sheet and 
placed inside the quartz tube heater with an inner diameter of 2.54 cm. 
The heating temperature can be set between room temperature and 
650 ◦C at defined ramping rates. The smoke was carried out of the heater 
at 3 L min− 1 driven by a diaphragm pump. As illustrated in Fig. S5, this 
study used a 30-min ramp from room temperature to 640 ◦C to evaluate 
pollutant emissions at different temperatures. The temperature was held 
at 640 ◦C for 30 min. After that, the setpoint temperature was reduced to 
22 ◦C which required ~10 min to return to room temperature.

As shown in Fig. 1, the WSSG was placed in the middle of the com
bustion chamber and the vented gases and particles were measured by a 
suite of analyzers described in previous publications [16,25,26]. Up to 
50 gases including volatile organic compounds (VOCs) were measured 
by an FTIR multi-gas analyzer (Model GT5000 Terra, Gasmet Technol
ogies), which sampled close to the WSSG exhaust port, through a ~1 m 
length of PTFE tubing to reduce transport losses of sticky gases. FTIR has 
been widely used to measure combustion byproducts, including HF. 
However, actual HF concentrations may be higher than the measured 
values due to its high solubility in water, which can lead to condensation 
on the walls [27]. CO2, CO, oxides of nitrogen (NO, NO2, and NOx), and 
sulfur dioxide (SO2) were sampled at the same location as the FTIR and 
measured by a suite of gas analyzers (Table S3). Particle concentrations 
were sampled from the smoke stack via conductive tubing to minimize 
electrostatic losses. The ELPI measured particle size distributions from 6 
nm to 10 μm in 100 channels every second from a diluted sample line to 
prevent impactor overloading [18,28]. The dilution ratio was deter
mined by the particulate matter (PM) concentration ratios measured by 
two DustTrak DRX (Model 8534, TSI Inc.) before and after dilution [25,
29]. The ELPI also measured particle net charge distributions in separate 
tests by alternatively turning the charger on and off [30]. FTIR and ELPI 
were used by Ngohang et al. [31] to characterize gases and particle size 
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distributions emitted from ethylene vinyl acetate fires.
PM2.5 was collected on two parallel filter channels for chemical 

composition analyses [26,32]. Channel 1 contained a Teflon membrane 
filter, which was analyzed for PM2.5 mass by gravimetry and 51 ele
ments (from Na to U) by an X-ray fluorescence (XRF) analyzer. Channel 
2 contained a quartz-fiber filter, half of which was analyzed for ten 
water-soluble ions, including ammonium (NH4

+), sodium (Na+), mag

nesium (Mg2+), potassium (K+), calcium (Ca2+), fluoride (F− ), chloride 
(Cl− ), nitrite (NO2

− ), nitrate (NO3
− ), and sulfate (SO4

2− ) by ion chroma
tography (IC). A 0.5 cm2 punch of the quartz-fiber filter was analyzed for 
organic and elemental carbon (OC and EC) as well as eight thermal 
fractions (i.e., OC1 – OC4, pyrolyzed carbon [OP], EC1 – EC3) following 
the IMPROVE_A thermal optical analysis protocol [33].

The measured chemical compositions were grouped into five major 
categories to calculate reconstructed mass: organic matter (OM = OC ×
fOC), EC, ions, geological materials (2.2 × Al + 2.49 × Si + 1.63 × Ca 
+2.42 × Fe + 1.94 × Ti), and other measured species without double 
counting [34]. The fOC multiplier, which accounts for unmeasured 
species such as hydrogen and oxygen, was calculated as the difference 
between gravimetric mass and the sum of species other than OC divided 
by OC. The average fOC values were 1.2 for Kapton and Velcro™ and 
2.86 for PTFE and TKT. The fOC for PTFE and TKT is greater than typical 
values (1.2–2.6), probably caused by unmeasured chemical species such 
as fluorine in fluorinated carbon-based compounds.

2.3. Emission factor calculation

Fuel-based emission factors (EF, in g/kg fuel) were calculated based 
on the carbon mass balance technique [16,35,36].    

where CMFfuel and CMFash are the carbon mass fraction of the fuel and 
ash in g carbon per g of fuel material (Table S1) and ash (Table S2), 
respectively. mfuel and mash are the mass of fuel and ash in g, respectively. 
Ci is the background-subtracted plume concentration of pollutant i in 
g/m3 (including species containing and not containing carbon); and 
CCO2 , CCO, CCH4 , and CVOCj are the concentrations of CO2, CO, CH4, and 
VOC species j above background concentrations in g/m3, respectively. 
CPM is the PM2.5 total carbon concentration in g/m3. MC, MCO2 , MCO, 
MCH4, and MVOCj are the atomic or molecular weights of carbon, CO2, 
CO, CH4, and VOC species j in g per mole, respectively. nj is the number 
of carbon atoms in VOC species j. The factor of 1000 converts mass from 
kilograms to grams. This method assumes that the target pollutants are 
homogeneously mixed with carbon species and proportionally distrib
uted in the plume [36]. Eq. (1) assumes that the carbon mass in emis
sions other than CO2, CO, CH4, VOCs measured by FTIR, and PM2.5 is 
negligible, which is a reasonable assumption for such burns. However, it 
is recognized that some VOCs are not measured by FTIR, resulting in 

Fig. 1. Experimental setup for pyrolysis experiments.
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slightly overestimated EFs. Since PM was sampled from smoke stack 
with greater dilution, its concentrations were lower than those measured 
at the WSSG outlet. Given that CPM accounted for 1 %, 1 %, 3 %, and 10 
% of the emitted carbon (denominator of Eq. (1)) for the four fuel ma
terials, using the lower CPM would result in a slight overestimation of gas 
EFs and an underestimation of particle EFs.

It should be noted that these experiments were run in Reno, Nevada, 
USA at ~5000 feet (1524 m) of elevation, where the oxygen partial 
pressure is ~17 % lower than that at sea level. The average ambient 
temperature of the combustion chamber at the start of experiments was 
~25 ◦C and air pressure was generally ~840 mbar. All concentrations 
were converted to standard temperature and pressure in emission factor 
calculations.

The EFs allow the estimation of expected emissions if a fire or 
overheating event were to occur, based on how much fuel materials 
were pyrolyzed. This can influence clean-up procedures, safety pre
cautions, ventilation design, and smoke detector design.

3. Results & discussion

3.1. Emission characteristics

3.1.1. Kapton
Kapton pyrolysis generated several gases identified by the FTIR with 

high signal-to-noise ratios. Fig. 2a shows that HCN levels reached as 
high as 55 ppm, exceeding the Immediately Dangerous to Life or Health 
Concentration (IDLH) limit of 50 ppm by the National Institute for 
Occupational Safety and Health [37]. HCN is approximately 25 times 
more toxic than CO [5]. Based on NASA’s Spacecraft Maximum Allow
able Concentrations (SMACs), any concentration over 8 ppm has notable 
impacts on the central nervous system after just 1 h of exposure to HCN 
[38]. However, it should be noted that the gases were measured close to 
the WSSG outlet. Dilution by ventilation air will likely lower the con
centrations in a real-world spacecraft. In addition to this major peak at 
~45 min at 640 ◦C, a secondary peak occurred at 55–70 min with lower 
concentrations, likely due to further decomposition of Kapton films. 
Ortelli et al. [39] observed that Kapton thermally decomposes in distinct 
steps: first, the imide ring without elimination of the carbonyl groups, 
followed by the decomposition of the aromatic and carbonyl groups. CO 
emissions were sporadic, with peak concentrations reaching ~60 ppm. 
NH3, and CH4 were also emitted from Kapton pyrolysis, coinciding with 
the main HCN peak. Benzene (C6H6) emissions are unique to Kapton and 
TKT wire insulation emissions.

As shown in Fig. 2b and Fig. S6, particle number concentrations 
fluctuated when the heater started ramping (12–18 min; <200 ◦C), 
similar to previous observations in a tube furnace experiment [40]. The 
concentration increased after the temperature exceeded ~200 ◦C (~20 
min). The particle mode (peak) diameter was ~20 nm at lower tem
peratures and increased at ~500 ◦C (~40 min) when Kapton became 
thermally unstable. The maximum mode diameter (~100 nm) and mass 
concentration were observed shortly after the temperature reached 
640 ◦C (46 min). The particle number concentration remained high until 
the heater was turned off.

The number-based particle size distribution (PSD) snapshots at four 
instances during Kapton heating show lognormal distributions (Fig. 2c). 
At 46 min, the geometric mean diameter (dg) was 93 nm, and the geo
metric standard deviation (σg) was 1.88. The WSSG has not been used in 
low gravity experiments; however, the Smoke Aerosol Measurement 
Experiment (SAME) was performed on ISS twice and the equipment was 
returned to Earth to repeat the smoke experiments [14,15,41]. Meyer 
et al. [14] reported that fresh particles from overheating of Kapton at 
510 ◦C under normal gravity had a lognormal distribution with a dg of 
139 nm and σg of 1.78; at 557 ◦C, the dg and σg were 140 nm and 1.63, 
respectively. These particles were slightly larger than those measured in 
this study, probably because they used a direct heating method with a 
coil of heater wire wrapped around the sample. Additionally, they used a 
208 L drum to stabilize particle concentrations before measurement by 
the scanning mobility particle sizer (SMPS), which could cause more 
losses of smaller particles by diffusion and increase particle size due to 
coagulation.

Other SAME publications reported PSDs from transmission electron 
microscopy (TEM) of particles collected with a thermal precipitator on 
ISS [15,41]. They demonstrated that in the absence of buoyant flow 
under microgravity conditions, particles might grow larger due to 
coagulation and condensation as products from thermal decomposition 
concentrated near the flame [41] or overheating fuel [15]. Comparison 
of SAME ISS and ground test results show that under the same atmo
spheric pressure, oxygen level, and convective flow conditions, the PSDs 
were similar between microgravity and Earth gravity. However, 
microgravity experiments with no convective flow showed much larger 
particle sizes (about a factor of two) as compared to normal flow con
ditions (8 cm/s) in the ISS [15]. Particle morphology also changed from 
no flow (individual spheres) to ISS flow (partially fused clusters) for 
Pyrell smoke. The SAME experiment provided a unique opportunity to 

Fig. 2. Results from a Kapton experiment: a) time series gas concentrations at 
different temperatures for ammonia (NH3), methane (CH4), benzene (C6H6), 
hydrogen cyanide (HCN), and carbon monoxide (CO); b) time series of particle 
number and mass concentrations as well as mode diameters; c) snapshots of 
particle size distributions at four stages: background, during the heat ramping, 
when the max setpoint was reached, and the extended heating at 640 ◦C.
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explore the effects of microgravity on smoke particle formation; how
ever, the no-flow test conditions are not relevant for crewed cabin en
vironments, where requirements dictate a well-mixed cabin to eliminate 
CO2 pockets. These studies demonstrate that environmental conditions 
such as gravity, convective flow rate, heating temperature, ambient 
pressure, and oxygen concentration significantly influence smoke par
ticle sizes and concentrations. Additionally, different heating methods 
and fuel preparation (sizes and surface area of samples) affect smoke 
characteristics, making direct comparison of results from different 
studies difficult.

3.1.2. PTFE
The most striking observation from PTFE tests was that silica- 

containing surfaces in direct contact with PTFE were damaged during 
heating. Fig. 3a shows that the mica sheet before PTFE testing had no 
signs of degradation except for some defects from the previous heating 
experiment. After three tests, Fig. 3b shows that not only did the mica 
surface color change from gray to a pinkish hue, but the mica sheet’s 
structural integrity was also lost. The mica became much thinner, 
weaker, and more brittle than in its original form. This change indicates 
a fluorination reaction between mica (a group of silicate minerals) and 
HF, resulting in the formation of silicon tetrafluoride (SiF4) and water. 
The reaction can be simplified as: 

SiO2 +4HF → SiF4 + 2H2O (2) 

SiF4 emissions from PTFE thermal decomposition in quartz reactors 
have been previously reported [42]. Further evidence of this reaction is 
shown in Fig. 3c, where a PTFE sample was heated in a porcelain cru
cible, causing the crucible surface to be etched and create hydrophobic 
spots. This reaction mechanism, along with potential losses on walls, 
may lead to underestimates of the EF of HF.

A range of fluoride gases were observed in PTFE tests. As shown in 
Fig. 4a, carbonyl fluoride (COF2), octafluorocyclobutane (C4F8; also 
known as Freon-C-318), hexafluoropropylene (C3F6), and tetrafluoro
ethylene (C2F4) consistently started emitting around 550 ◦C then stop
ping within 6 min after the maximum temperature (640 ◦C) was 
reached. Similar emissions have been previously observed in PTFE py
rolysis [43]. COF2 is more toxic than HF: a 10-min exposure at 0.35 ppm 
can be disabling and at 10 ppm can be lethal [44]. C2F4 is the unpoly
merized form of PTFE [45]. Fig. S7 shows that the measured HF con
centration was low, although peaks of gaseous SiF4 were observed due to 
the fluorination reaction (Eq. (2)).

Fig. 4b and Fig. S8 show that particle number concentrations started 
to increase with temperatures exceeding ~250 ◦C (20 min) with a local 
maximum at ~350 ◦C (~25 min). The particle concentrations and mode 
diameters rapidly rose after ~510 ◦C (~35 min) with maxima at ~45 
min. The multiple peaks in particle number concentration in Fig. 4b 
indicate several stages of PTFE decomposition. Although the particle 
number concentrations were similar between PTFE (Fig. 4b) and Kapton 

(Fig. 2b), the mass concentrations from the PTFE tests were about an 
order of magnitude higher than those in the Kapton tests due to Kapton’s 
higher thermal stability. PTFE emissions had a larger maximum mode 
diameter (180 nm) than Kapton (100 nm).

Fig. 4c and Fig. S8 show that submicron particles had bimodal 

Fig. 3. Photographs of: a) mica sheet before PTFE tests; b) mica sheet after three PTFE tests; and c) crucible after heating PTFE samples.

Fig. 4. Results from a PTFE experiment: a) time series of gas concentrations 
with temperature for carbonyl fluoride (COF2), octafluorocyclobutane (C4F8), 
hexafluoropropylene (C3F6), and tetrafluoroethylene (C2F4); b) time series of 
particle number and mass concentrations as well as mode diameter; c) snap
shots of particle size distributions at four stages: background, during the heat 
ramping, when the max setpoint was reached, and the extended heating 
at 640 ◦C.
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distributions, with a smaller mode centered around 10–50 nm and a 
larger mode centered around 200–500 nm. The relative magnitudes of 
these two modes changed over the heating and temperature-soaking 
durations. In ground-based studies, PTFE pyrolysis generates polymer 
fragments that grow through nucleation and condensation to form ul
trafine spherical particles, on the scale of 30 nm, corresponding to the 
smaller mode observed in these tests. These spherules collide and 
agglomerate leading to the fractal clusters corresponding to the larger 
mode [14,15,46,47].

Meyer et al. [14] reported that fresh particles from overheating of 
Teflon at 501 ◦C and normal gravity had a lognormal distribution with a 
dg of 140 nm and σg of 2.22, which are similar to the distribution be
tween 35 and 43 min in this study. At 512 ◦C, Meyer et al. [14] reported 
much larger sizes, with the dg and σg being 250 nm and 2.07, respec
tively. These particles were larger than those with a maximum mode 
diameter of 180 nm measured at 640 ◦C in this study. The size distri
butions are sensitive to heating, dilution, and aging conditions.

3.1.3. TKT wire insulation
TKT wire insulation exhibited emissions similar to those of PTFE. As 

shown in Fig. 5, fluoride-based gases were emitted for all TKT tests. 
Similar to PTFE tests in Fig. 4a, the COF2 concentrations from some TKT 
samples exceeded the Acute Exposure Guideline Level 3 of 1.0 ppm, 
which if exceeded for 10 min can be fatal [44]. NASA does not classify 
COF2 in the SMACs guidelines for exposure limits. HCN and benzene 
were observed in TKT pyrolysis, but the concentrations were much 
lower than the Kapton tests. Fig. S9 shows that traces of SiF4 were 
observed, likely formed from a fluorination reaction (Eq. (2)). Higher 
concentrations of HF were measured from TKT tests than from PTFE 
tests, possibly a result of reduced surface area contacting the mica sheet 
reducing the fluorination reaction.

The peak particle number concentrations from the TKT test (Fig. 5b) 
were about twice those of PTFE tests (Fig. 4b). The maximum mode 
diameter was 125 nm, between those for Kapton (100 nm) and PTFE 
(180 nm). Similar to the PTFE tests, a bimodal distribution was 
measured when the heater first reached 640 ◦C (Fig. 5c and Fig. S10). 
Because the TKT wire insulation is made of Kapton and PTFE, the par
ticle properties resemble these two materials. Emissions of TKT were 
closer to PTFE than Kapton due to higher particle mass emissions from 
PTFE. It is also expected that the smoke detector responses will be 
similar to PTFE smoke particles.

Fig. 5. Results from a TKT experiment: a) time series of gas concentrations with 
temperature for octafluorocyclobutane (C4F8), hexafluoropropylene (C3F6), 
carbonyl fluoride (COF2), and tetrafluoroethylene (C2F4); b) time series of 
particle number and mass concentrations as well as mode diameter; c) snap
shots of particle size distributions at four stages: background, during the heat 
ramping, when the max setpoint was reached, and the extended heating 
at 640 ◦C.

Fig. 6. Results from a Velcro™ experiment: a) time series of gas concentrations 
with temperature for butane (C4H10), 1-butanol (C4H10O), butyl acrylate 
(C7H12O2), and carbon monoxide (CO); b) time series of particle number and 
mass concentrations as well as mode diameter; c) snapshots of particle size 
distributions at four stages: background, during the heat ramping, when the 
max setpoint was reached, and the extended heating at 640 ◦C.
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3.1.4. Velcro™
Fig. 6a shows that Velcro™ had emissions of butane (C4H10), 1- 

butanol (C4H10O), and butyl acrylate (C7H12O2), starting at ~400 ◦C 
and peaking at ~450–500 ◦C, indicating lower decomposition temper
atures. These gases are mild irritants at the levels observed, with the 
primary concern being flammability for much higher concentrations, 
~1000x the concentrations observed. NASA SMACs lists butanol gases 
as having impacts on both the eyes (irritation) and central nervous 
system (depression) for exposure of greater than 50 ppm for 1 h [38].

Temporal patterns of Velcro™ particle concentration in Fig. 6b are 
similar to those of PTFE in Fig. 4b. The mode diameter (~55 nm) was 
larger than for the other materials (~20 nm) earlier in the temperature 
ramping. The maximum mode diameter over the span of one test was 
150 nm, between those for Kapton (100 nm) and PTFE (180 nm). When 
the temperature reached 640 ◦C, the size distributions were bimodal or 
trimodal (Fig. 6c and Fig. S11), probably related to different thermal 
decomposition behaviors of various materials in Velcro™.

3.1.5. Summary of emission characteristics
A variety of gaseous emissions were observed. Kapton and TKT 

emitted benzene, likely from Kapton as PTFE did not emit benzene. They 
also emitted HCN at potentially dangerous levels, even for small sample 
masses, relative to the room size. PTFE and TKT emitted substantial 
amounts of fluoride-based gases, consistent with PTFE’s chemical 
composition. It is suspected that most HF emitted by the PTFE quickly 
reacted with the mica sheet and quartz tube to form SiF4. Assuming no 
silicon were present, a larger amount of HF may have been observed for 
PTFE and TKT. As observed by Meyer et al. [12], HF can be difficult to 
quantify as it tends to stick to surfaces of all types. The levels of COF2 
emitted by both PTFE and TKT could be potentially fatal if exposure 
exceeds 10 min. Unique emissions from Velcro™ (i.e. butane, 1-butanol, 
and butyl acrylate) are not acutely toxic but potentially irritating [38] 
and may become flammable and/or explosive, characteristics which 
could exacerbate a developing spacecraft fire. The four materials 
emitted similar CO2 levels despite having varying amounts of carbon by 
mass. This is likely due to the inefficient pyrolysis. Kapton was the only 
material generating significant (above 10 ppm) CO emissions. As pre
viously mentioned, O2 concentrations in Reno, NV are 17 % lower than 
sea level, which would influence combustion efficiency and CO 
emissions.

The time series of particle concentrations show similar patterns 
among the four materials with three phases: 1) when the heater reached 
200–350 ◦C, particle number concentrations started to increase with the 
particle mode diameter ≲ 50 nm while mass concentrations remained 
close to background levels; 2) when the heater reached 550–640 ◦C, the 
particle mode diameter and mass concentration rapidly increased, with 
maxima observed around when the heater reached 640 ◦C; the number 

concentration reached maximum as well except for Kapton; and 3) 
during the extended heating at 640 ◦C, the mode diameter and mass 
concentrations gradually decreased; the number also decrease with the 
exception of Kapton. Most particle numbers were dominated by sizes 
<1000 nm, with mode diameter <200 nm for all materials. The sub
micron size range has bimodal or trimodal distributions, especially as 
temperatures reached 640 ◦C, although one of the modes typically 
dominates the number distributions.

Fig. 7 compares the size distributions of the four materials when the 
maximum temperature setpoint (640 ◦C) was reached. At this temper
ature, TKT emitted the smallest particles (mode at ~50 nm), followed by 
PTFE (mode at ~60 nm), Kapton (mode at ~75 nm), and Velcro™ 
(mode at ~100 nm). The smaller PTFE particles are consistent with the 
finding by Wang et al. [40], where Teflon particles generated the lowest 
sensitivity for a light-scattering smoke detector, but the highest sensi
tivity for an ionization smoke detector among several materials tested.

3.2. Particle charge distributions and chemical compositions

Fig. S12 shows an example of particle charge measurement for ELPI 
impactor stages 1–8 (corresponding to the particle size range of 6–314 
nm) in a PTFE test. An electric current peak was observed overlapping 
the main particle number concentration peak around the maximum 
setpoint temperature. The current level and sign vary with the stage. 
Larger particle stages had low signal-to-noise ratios due to low particle 
concentrations and were not plotted.

The PTFE particle net charge distribution is shown in Fig. 8 and the 
distributions for all materials are in Fig. S13. Low net charges were 
found for all tested materials, with the number of elemental charges per 
particle <0.15, indicating that particles were close to electrically 
neutral. Therefore, it is not expected that the natural charges carried by 
particles from pyrolysis will influence the charge detection by ionization 
smoke detectors. In an ionization detector, alpha particles from the 
radioactive source ionize the air passing through the detector, providing 
a constant flow of ions to two charged plates inside the detector 
measured as a current. If smoke particulate enters the detection area, it 
stops the flow of ions by capturing the charge, thus triggering an alarm. 
If the particulate is already carrying a charge, the flow of ions may not 
reduce, impacting the effectiveness of the alarm. For Kapton, PTFE, and 
TKT, ELPI stages 2–4 (13.6–33.6 nm) consistently measured negative 
current, while stages 5 and 6 (50.7–98 nm) measured positive current. In 
contrast, Velcro™ emissions showed a positive current for stages 2–4, a 
negative current for stages 5–7 (50.7–169 nm) with higher charge levels, 
and a positive current for stage 8 (314 nm).

Among the PM2.5 chemical components (Fig. S14), organic matter 

Fig. 7. Comparison of particle size distributions at 640 ◦C, the maximum 
temperature set point, for all four test materials: Kapton (brown dotted line), 
PTFE (red solid line), TKT (purple dashed line), and Velcro™ (blue dot-dashed 
line). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 8. Average net charge distribution of PTFE particles for ELPI stages 1–8. 
The error bars represent the standard error of the three tests.
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(OM) is the largest contributor (>85 % of PM2.5 mass) for all materials. 
Elemental carbon (EC) was present for Kapton (10 %), at a low level (0.1 
%) for Velcro™, and below the detection limit for PTFE and TKT. PTFE 
(4.7 %) and TKT (3.4 %) had higher mineral abundances than Kapton 
and Velcro™ (<1 %), possibly due to the reaction of HF with the mica 
and quartz tube, which is supported by their higher abundance of par
ticulate fluoride ions compared with Kapton and Velcro™. Because 
PM2.5 can penetrate deep into the lung, detailed chemical composition 
information can help the assessment of the PM2.5 health effects [48]. The 
detailed composition and toxicity of the organics warrant further 
research.

3.3. Emission factors (EFs)

Table 1 summarizes gas EFs for each material. The variabilities 
among replicate tests were high, as reflected by the large standard er
rors, compared to the means. The EFs for CO2 were similar, ranging from 
790 to 860 g/kg, likely because these experiments investigated thermal 
decomposition products from oxidative pyrolysis rather than combus
tion. These values are about half of the 1354–1780 g/kg EFs reported for 
smoldering cotton, Nomex, and Poly(methyl methacrylate) (PMMA) 
[16]. However, that study did not include the ash, CH4, and VOC terms 
in Eq. (1). Wang et al. [35] found that excluding the ash or total carbon 
(TC) could cause EFs to be overestimated by a factor of six for pyrolysis. 
While the EFs from this study were lower than the smoldering com
bustion of damp vegetation (1124 g/kg) and food discards (955 ± 30 
g/kg), they were higher than those for smoldering rubber (456 ± 41 
g/kg) and plastic bottles (182 ± 30 g/kg) [35].

Kapton had the highest EFs for CO, about 10 times those for TKT and 
Velcro™, while PTFE had near-zero CO emissions. On the other hand, 
CH4 EFs from Velcro™ were significantly higher than other materials. 
Kapton and TKT had unique emissions of benzene, while only PTFE and 
TKT had formaldehyde (CH2O) emissions. As shown in Table S1, the 
nitrogen content was highest for Kapton (6.8 %) and Velcro™ (5.1 %). 
For Kapton, the high N resulted in very high EFs for HCN (192 ± 93 g/ 
kg), but Velcro™ had a lower EF for HCN (4.8 ± 1.4 g/kg), and both 
Velcro™ and Kapton had high EFs for NH3 (28–37 g/kg). Because TKT 
contains Kapton, it has detectable EFs for HCN (5.4 ± 2.4 g/kg) and NH3 
(0.58 ± 0.41 g/kg). Elevated EFs for butane, 1-butanol, and butyl 
acrylate (69–172 g/kg) were found in Velcro™.

Because PTFE contains a significant amount of fluorine as indicated 
by its molecular formula (CF2-CF2)n, a range of fluoride-based gases 
were emitted from PTFE and TKT. PTFE had a low EF for HF (0.24 ±
0.12 g/kg), likely partly because HF had reacted with silicon-containing 
parts or stuck to surfaces before being measured by the FTIR (Fig. 3). 

Interestingly, TKT had much higher EFs for HF (26.2 ± 16.1 g/kg), 
suggesting that the combination of PTFE and Kapton may inhibit the loss 
of HF. The fluorination reaction product SiF4 was detected (0.31–0.59 g/ 
kg). TKT yielded higher EFs for other fluoride gases than PTFE.

Table 2 summarizes particulate EFs for each material. For PM2.5 
mass, Velcro™ had the highest EFs (66.7 ± 27.0 g/kg), followed by TKT 
(29.4 ± 14.4 g/kg). Wang et al. [16] reported PM2.5 EFs in a similar 
range for smoldering materials, ranging from 166 ± 54 g/kg for PMMA, 
90 ± 26 g/kg for Nomex, and 35.7 ± 4.6 g/kg for cotton. The PM2.5 EFs 
for PTFE (8.6 ± 4.3 g/kg) and Kapton (2.8 ± 1.4 g/kg) were signifi
cantly lower than those for Velcro™ and TKT, and most smoldering 
materials from other studies [16,35]. EFs for flaming materials, i.e., 
PMMA (7.3 ± 0.7 g/kg) and cotton (8.4 ± 3.6 g/kg) were lower than 
their smoldering counterparts [16], showing that PM2.5 EFs vary 
significantly with fuel materials and oxidation conditions.

OC constituted ~91 % of the PM2.5 EFs for Kapton and Velcro™, and 
~30 % for PTFE and TKT. EC for all materials accounted for minimal 
emissions with the highest EF of EC from Kapton at 0.35 g/kg. Fluorine 
compounds are expected to be abundant in PM2.5 from PTFE and TKT 
emissions.

Particle number EFs (in particles/kg of fuel) were computed for 
PM0.1, PM1, and PM2.5 fractions from the ELPI. As fewer particles were in 
the 1–2.5 μm size range, PM1 and PM2.5 were nearly identical. Ultrafine 
particles (i.e., PM0.1) contributed >70 % of the total particle number: 
Kapton had the highest portion of PM0.1 (95 %) followed by Velcro™ 
and TKT (both 73 %), and PTFE (72 %). TKT (1.07 × 1017 particles/kg) 
and PTFE (2.18 × 1016 particles/kg) had the highest and lowest PM2.5 
number EFs, respectively. These emission factors are plotted in Fig. S15

Table 1 
Gaseous emission factors (EFs) from pyrolysis of all test materials. The values are expressed as mean ± standard error from three repeated tests of each material. EFs are 
in g of species per kg of fuel (g/kg).

Species \EFs Kapton PTFE TKT Velcro™

CO2 859.85 ± 82.61 791.45 ± 8.90 847.52 ± 81.27 848.24 ± 119.21
CO 254.96 ± 80.57 0.02 ± 0.02 28.94 ± 8.71 22.79 ± 11.39
CH4 10.14 ± 4.02 8.60 ± 5.40 2.11 ± 0.75 88.20 ± 57.46
NH3 36.89 ± 21.70 – 0.58 ± 0.41 27.75 ± 10.46
Benzene 31.87 ± 9.95 – 3.48 ± 0.80 –
Formaldehyde – 1.12 ± 0.38 3.14 ± 0.69 –
HCN 192.26 ± 92.87 0.61 ± 0.11 5.36 ± 2.35 4.76 ± 1.44
HF 0.20 ± 0.05 0.24 ± 0.12 26.15 ± 16.12 0.18 ± 0.05
Silicon tetrafluoride (SiF4) – 0.59 ± 0.29 0.31 ± 3.94 –
Octafluorocyclobutane (C4F8) – 6.79 ± 2.89 10.49 ± 3.67 –
Hexafluoropropylene (C3F6) – 3.04 ± 1.42 3.57 ± 21.77 –
Tetrafluoroethylene (C2F4) – 11.06 ± 2.98 96.37 ± 58.10 –
Carbonyl Fluoride (COF2) – 38.85 ± 13.84 72.35 ± 49.02 –
Butane – – – 124.56 ± 63.42
1-Butanol – – – 171.87 ± 15.33
Butyl acrylate – – – 68.84 ± 12.21

Note: CO2 and CO were measured by Li-Cor 840A and Thermo 48i, respectively, while other gases were measured by the FTIR.

Table 2 
Particulate emission factors (EFs) from pyrolysis of all test materials. The values 
are expressed as mean ± standard error from three repeated tests of each ma
terial. Unless otherwise specified, EFs are in g of species per kg of fuel (g/kg).

Species \EFs Kapton PTFE TKT Velcro™

PM2.5 mass 2.78 ± 1.41 8.61 ± 4.33 29.42 ±
14.37

66.71 ±
27.03

OC 2.53 ± 0.27 2.85 ± 0.07 8.57 ± 0.34 60.89 ± 5.83
EC 0.35 ± 0.03 0 ± 0 0 ± 0 0.07 ± 0.13
PM0.1 number 

(particles/ 
kg)

3.99E+16 ±
6.51E+15

1.57E+16 ±
2.01E+14

7.39E+16 ±
1.96E+16

2.86E+16 ±
1.49E+16

PM1 number 
(particles/ 
kg)

4.22E+16 ±
7.46E+15

2.18E+16 ±
1.71E+15

1.01E+17 ±
3.47E+16

3.88E+16 ±
2.14E+16

PM2.5 number 
(particles/ 
kg)

4.22E+16 ±
7.46E+15

2.18E+16 ±
1.71E+15

1.01E+17 ±
3.47E+16

3.88E+16 ±
2.14E+16
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and are higher than those reported for biomass burning [49,50].

4. Conclusions

This study characterized gas and particle emissions from oxidative 
pyrolysis of four common spacecraft-relevant materials. Multiple gases 
that would cause immediate concern for the health of the astronauts 
were detected as per NIOSH guidelines and NASA SMACs. Multiple gases 
emitted are not classified within NASA SMACs guidelines. Kapton 
emitted HCN and CO at excessive concentrations. PTFE emitted multiple 
toxic fluorine-based gases that can pose immediate threats to life and 
equipment, especially COF2 exceeded known safety guidelines. TKT 
shared emissions with both Kapton and PTFE with more contributions 
from PTFE than Kapton. Both TKT and PTFE emitted gases which 
resulted in a fluorination reaction with surfaces, which should be 
considered for surface corrosion protection and postfire clean-up pro
cedures. Velcro™ emitted multiple flammable VOCs that could result in 
asphyxiation under high concentrations.

For all materials, a large number of submicron particles with bimodal 
or trimodal distributions were emitted. The mode diameter peaked in 
the 100–200 nm range for all materials as maximum temperature of 
640 ◦C was reached. PTFE particles were smaller than those of other 
materials, consistent with a previous study showing that light scattering 
smoke detectors had the lowest sensitivity while ionization smoke de
tector had the highest sensitivity to PTFE smoke compared to other 
materials. The particles were nearly electrically neutral, carrying <0.15 
net elementary charges per particle, indicating that the natural charge 
level would not affect ionization smoke detector sensitivity. Organics 
dominate the chemical composition of the emitted particulate, and their 
speciation and toxicity effects warrant further research.

Emission factors were quantified for the four materials for the first 
time. This data will be useful input for parameterizing smoke emissions 
in fire models [51,52].
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