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BACKGROUND: On April 11th, 2023, the My Way Trading (MWT) recycling facility in Richmond, Indiana caught fire, mandating the
evacuation of local residents and necessitating the U.S. Environmental Protection Agency (EPA) to conduct air monitoring. The EPA
detected elevated levels of plastic combustion-related air pollutants, including hydrogen cyanide and benzene.

OBJECTIVE: We aimed to identify these and other volatile organic compounds (VOCs) present as well as to identify the potential
hazard of each compound for various human health effects.

METHODS: To identify the VOCs, we conducted air monitoring at sites within and bordering the evacuation zone using proton
transfer reaction mass spectrometry (PTR-MS) and non-targeted analysis (NTA). To facilitate risk assessment of the emitted VOCs, we
used the EPA Hazard Comparison Dashboard.

RESULTS: We identified 46 VOCs, within and outside the evacuation zone, with average detection levels above local background
levels measured in Middletown, OH. Levels of hydrogen cyanide and 4 other VOCs were at least 1.8-fold higher near the incidence
site in comparison to background levels and displayed unique temporal and spatial patterns. The 46 VOCs identified had the
highest hazardous potential for eye and skin irritation, with approximately 45% and 39%, respectively, of the VOCs classified as high
and very high hazards for these endpoints. Notably, all detected VOC levels were below the hazard thresholds set for single VOC
exposures; however, hazard thresholds for exposure to VOC mixtures are currently unclear.

IMPACT: This study serves as a proof-of-concept that PTR-MS coupled with NTA can facilitate rapid identification and hazard
assessment of VOCs emitted following anthropogenic disasters. Furthermore, it demonstrates that this approach may augment

future disaster responses to quantify additional VOCs present in complex combustion mixtures.
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INTRODUCTION
Large anthropogenic and natural disasters release thousands of
chemicals into the environment every year [1-3]. Smaller scale
events, such as fires at recycling plants, are commonly overlooked
contributors and are increasing in frequency throughout the U.S.
[4-6]. Recycling plants and warehouses contain large amounts of
flammable material resulting in persistent, high temperature fires
[7, 8]. Consequently, a plethora of harmful toxics, such as
particulate matter and volatile organic compounds (VOC) are
released into the local communities [9-12]. Due to the variety of
material stored at recycling plants, the composition of the burned
substrates is commonly unknown, limiting the ability to accurately
predict VOC combustion products and emissions. Thus, there is a
significant need for strategies that can rapidly identify VOC
emissions and assess the health risks they impose on the local
communities following these fires [5].

Traditional field-deployable analytical approaches to detect air
toxics following disasters are frequently limited by the sensitivity
of the instrument, the time resolution of sampling, and the ability

to characterize a broad range of pollutants [13, 14]. Mass
spectrometry coupled with non-targeted analysis (NTA) is an
emerging field that rapidly identifies unknown compounds
independent of prior knowledge of the initial substrate
[1, 5, 14-16]. Using mock disaster scenarios, Sloop et al. and
Phillips et al. previously suggested how NTA can be incorporated
into disaster response scenarios [1, 5]. They and others highlight
key metrics such as analysis speed, confidence in chemical
identification, and incorporation of hazard assessment that can
enhance the beneficial impact of NTA in disaster scenarios
[1, 5, 14, 17]. Here, we build upon this work and demonstrate a
novel application of this metric-based workflow to detect emitted
VOCs following a real disaster scenario.

On Tuesday April 11th, 2023, the My Way Trading (MWT)
recycling warehouses containing recycled plastics and other
hazardous material caught fire in Richmond, Indiana [18]. The
MWT fire was active for 5 days, April 11th — April 16th [18], and
required approximately 2000 residents that lived within 0.5 miles
of the warehouses to evacuate. Given the potential release of
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Fig. 1 Stationary air monitoring detects sampling site-specific emissions. A Map of stationary air monitoring sampling sites. The location of
the My Way Trading warehouse fire is depicted by the flame icon. Site 1 visits are within the evacuation zone and Site 2 visits are outside the
evacuation zone. B Number of compounds detected at each sampling site visit. “Common” compounds are compounds detected at all
sampling sites and visits. “Shared” compounds are compounds detected at multiple, but not all, sampling sites and visits. “Unique” compounds

are compounds detected at only one sampling site visit.

hazardous combustion products into the community, the U.S.
Environmental Protection Agency (EPA) performed continuous air
monitoring for predicted combustion products of plastics within
and outside of the evacuation zone. Within the evacuation zone the
EPA detected elevated levels of particulate matter and the
hazardous VOCs, benzene, carbon monoxide, chlorine, and hydro-
gen cyanide [18, 19]. To complement the EPA air monitoring data,
we conducted stationary air monitoring using a highly sensitive
proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-
MS) to characterize the emitted VOCs at varying distances within
and outside of the evacuation zone [20]. This approach offered
complementary evidence, and the ability to quickly adapt location
based on wind speed/direction changes or local policy updates, in
comparison to traditional stationary air monitors set at specific point
locations. Moreover, our instrumentation (PTR-ToF-MS) offered
highly sensitive and resolved VOC data to discriminate complex
mixtures following this emergency event.

As the MWT warehouses contained large mixtures of unknown
substrates, we performed NTA to generate a comprehensive list of
the emitted VOCs and identify the VOCs with the largest increases
in relative concentration. We then evaluated the emission
relationships between the VOC within and bordering the
evacuation zone and generated a hazard assessment of identified
VOCs using the EPA Hazard Comparison Dashboard [5, 21-23] to
evaluate the potential human health risks associated with the
chemical exposures. We illustrate that coupling PTR-MS with NTA
is a rapid and viable approach to generate a comprehensive list of
emitted VOCs and evaluate their hazard potential.

MATERIALS AND METHODS

Instrumentation

Air monitoring measurements were carried out at three different locations
using the Texas A&M University Mobile Responding to Air Pollution in
Disasters (mRAPiD) van. The mRAPID van is fitted with a sample inlet that
extends upward, approximately 3.5 m from the roof of the van. In brief, 0.5”
outer diameter Teflon tubing connects the external sample inlet to a
mechanical backing pump, which pulls ambient air through the tubing
line. Ambient air is pulled from this tubing line through a 1/16" outer
diameter PEEK tubing into the PTR-ToF-MS 4000 (IONICON, Inc.) trace gas
analyzer at a flow rate of 200 standard cubic centimeters per minute
(sccm). Analysis of VOCs present in the air sample occurred every 1, with
hydronium (H;0™) as the ion source. Chemical species with a higher
proton affinity than water are detectable when using (Hs0") as the ion
source, resulting in the ability to detect a variety of atmospheric VOCs
while limiting the detection of smaller aliphatic molecules that would
otherwise dominate the signal. Full PTR-ToF operations and analysis details
can be found in the supplemental information and in Oladeji et al.
(Supplementary Method S1 and Supplementary Table S5) [14].
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Sampling strategy

Air monitoring was conducted at the following 3 sites: Site 0 (Middletown,
OH; local background, 40 miles from the incidence site), Site 1 (0.1 miles
from the incidence site; within the evacuation zone), and Site 2 (0.5 miles
from the incidence site; bordering the evacuation zone) (Fig. 1A). Site 0
was selected to collect background VOC levels to help discriminate if VOC
levels detected closer to the incidence site were elevated or decreased
relative to “typical” background areas. Site 1 and Site 2 were selected to
generate measurements at locations near and bordering the evacuation
zone to help inform the potential impact of local emissions throughout the
community. Sampling at Site 1 and Site 2 was conducted twice (Visit 1 and
Visit 2) within the same day to capture any temporal differences in VOC
emissions that could occur as the MWT warehouse fire continued to
smolder. Stationary air sampling at these discrete locations while parked
was employed as this was still an active emergency event with a clear
evacuation boundary. All stationary sampling was conducted continuously
for 30-minutes at each site and occurred between 9:45 am and 9:00 pm on
April 15™, 2023. Weather data during each sampling period was collected
from local weather monitoring stations, ID#KOHMIDDL47 and ID#KIN-
RICHM45, in Middletown, OH and Richmond, IN, respectively (Supplemen-
tary Table S4). Weather data was accessed through Weather Underground,
https://www.wunderground.com/.

VOC identification

Identification and quantification of VOCs was conducted using the
standard software package, IONICON PTR-MS Viewer analysis software,
Version 3.4.4, provided by IONICON [24]. Individual compounds detected
by the ion detector at the default minimum of 5 counts per second (cps),
were considered for analysis. Any compound below this set threshold
value was considered noise and excluded from analysis. To identify the
VOCs present during the sampling periods the spectrum of sampled
ambient air was compared to the IONICON compound database within the
PTR-MS Viewer software. For each spectrum a list of suggested compounds
was generated by the PTR-MS Viewer software based on the mass of the
selected spectral peak. A “match probability” percentile was further
calculated by the PTR-MS Viewer software for each predicted compound
based off the isotope distribution and the exact mass to charge ratio (m/z).
Suggested compounds with a “match probability” to the spectrum of at
least 90% were selected for subsequent analyses and listed in
Supplementary Table 2.

VOC quantification

lon signals detected by the PTR-TOF-MS were converted to final VOC
concentrations in parts per billion volume (ppbv) in the PTR-MS Viewer
software through the application of the following equation:

(d[XH™])/dt = k[H30][X]

Quantification of the VOCs detected using NTA was determined
assuming the reaction time between each analyte, “X”, and H30 is
constant (as is in the current sampling strategy) and by using the default

Journal of Exposure Science & Environmental Epidemiology


https://www.wunderground.com/

rate constant (k) of 2 x 10A—9 cm ™3 molecule™" s~ for each analyte as a

known k value was not available for all of the detected analytes. Notably,
this default value has been used widely in atmospheric chemistry literature
when k is not directly available and is capable of measuring uncalibrated
compounds with an accuracy of +30% [25]. A value of “0” was used to
replace any non-detected (below instrument limit of detection) measure-
ment of a compound during the sampling period to generate a
conservative average concentration of each compound. Of this initial list,
only compounds with estimated average VOC concentrations higher than
the background sample were included for subsequent analyses. Note, the
compound C5H9, commonly referred to as 1,3-Butadiene was excluded
from analyses due to poor resolution of this compound from background
humidity when using H30™" as the PTR-MS ion source. In addition, as the
compounds CO,, NO,, and N,O (commonly referred to as carbon dioxide,
nitrogen dioxide, and nitrous oxide, respectively) are not considered VOCs
and as it is difficult to discern if their detected signal is the result of
fragmentation from other detected analytes, these compounds were
excluded from subsequent analysis. Together, these filters resulted in a
curated list of 46 detected VOCs (Supplementary Table 2). to be carried
forward in analyses.

Quantification of the VOCs detected using targeted analysis (benzene
and toluene) was also determined assuming the reaction time between
each analyte, “X", and H30 is constant (as is in the current sampling
strategy) and by using the default rate constant (k) of 2x 10A—9cm—>
molecule™" s~' for each analyte. The calculated concentrations for
benzene and toluene were then multiplied by a predetermined calibration
factor (1.83 and 2.69), derived from a calibration gas of known
concentration, to account for instrument-specific variability in quantifying
VOC concentrations. A value of “0” was used to replace any non-detected
(below instrument limit of detection) measurements of benzene or toluene
during the sampling period to generate a conservative average
concentration of each compound. To identify significant relationships
(paqj < 0.05) between benzene levels across sampling sites, a Kruskal-Wallis
test followed by a Dunn’s multiple comparison test was used in Prism10
Version 10.0.3.

VOC correlation assessment

To identify significant relationships between the VOCs emitted across the
site visits, a correlation matrix was computed using the estimated, average
concentration of the curated VOCs in RStudio Version 2023.06.0 + 421. The
Spearman’s rank correlation analysis was used to identify significant
relationships (p < 0.05).

VOC hazard assessment

To generate a hazard assessment of the detected VOCs, the predicted
chemicals associated with each formula in the curated list were first input
into the EPA CompTox Chemicals Dashboard (from here on referred to as
the Dashboard) [21, 22] to validate their identity using the “batch search”
function (https://doi.org/10.1021/acs.jcim.0c01273) [21, 22]. Any chemical
that was not identified in the Dashboard was excluded from further
analysis. The remaining list of predicted compounds was then input into
the Hazard Comparison Module to provide data which could be used for
the hazard assessment of each compound for human health effects
(Supplementary Table 4). It should be noted that ecotoxicological toxicity
effects are also available (as seen in Supplementary Table 4), but these
were not applied in this study.

RESULTS

Overview of sampling and detection

Non-targeted analysis of stationary air monitoring detected 59
unique compounds VOCs across all sampling site visits (Supple-
mentary Table S1 and Fig. 1A). The number and combinations of
compounds detected between sites and site visits varied, with 21
at Site 0, 38 at Site 1 (Visit 1), 29 at Site 1 (Visit 2), 19 at Site 2 (Visit
1), and 27 at Site 2 (Visit 2) (Fig. 1B). More compounds were
consistently detected at Site 1 on both visits, 0.1 miles from the
MWT warehouse fire and within the evacuation zone. In addition
to higher numbers of total compounds detected, the highest
number of unique compounds, i.e.,, compounds not detected at
any other visit, were also detected at the Site 1 visits, with only 3
unique compounds at Site 0, 10 and 6 unique compounds at Site 1
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(visits 1 and 2, respectively) and 0 and 4 unique compounds at Site
2 (visits 1 and 2, respectively) (Fig. 1B).

Targeted analysis of benzene

Following the MWT warehouse fire, EPA “Roving Air Monitoring”
detected elevated levels of benzene, yet below levels of health
concern, within the evacuation zone (Fig. 2A) [18]. Consistent with
EPA sampling, we also detected levels of benzene within the
evacuation zone (Fig. 2A, B). Targeted analysis of benzene resulted
in average and maximum concentrations, respectively, of 0.46 and
2.68 (Site 0), 0.20 and 3.01 (Site 1 Visit 1), and 0.67 and 1.63 ppbv
(Site 1 Visit 2). We also detected levels of benzene bordering the
mandated evacuation zone, with average and maximum concen-
trations of 0.49 and 1.01 ppbv at Site 2 Visit 2 (Fig. 2B). Notably,
levels of benzene were significantly different between all sampling
sites and visits (paqg; < 0.0001).

Non-targeted analysis detected additional elevated VOCs

Of the 59 compounds detected by non-targeted analysis, 46 VOCs
were detected at sampling sites with average concentration levels
higher than the local rural background (Site 0) during at least one
site visit (Supplementary Table S2). Notably, HCN (identified as
either hydrogen cyanide or hydrogen isocyanide) was the only
compound within this curated list that was also detected by the
EPA “Roving Air Monitoring” (Fig. 2A) and consistently elevated
between multiple sampling visits. Estimated respective average
and maximum HCN concentrations were detected at 2.47 and 3.52
(Site 0), 5.19 and 6.12 (Site 1 Visit 1), 442 and 5.42 (Site 1 Visit 2),
and 3.02 and 4.96 ppbv (Site 2 Visit 2) (Fig. 2C). Levels of HCN were
also significantly different between all sampling sites and visits
(pagj <0.0001). NTA also identified HCN and 4 additional
compounds (C3HgO, CHsNO (formamide), CH,0O, (formic acid),
and C;HgN,) with estimated detection levels at least 1.8-fold
higher than background levels during at least one site visit within
or bordering the evacuation zone (Supplementary Table S2 and
Fig. 2D). CoHgN, was identified as either dimethyldiazene or
ethanimidamide (CH;C(=NH)NH,), and C3H¢O could represent the
potential chemicals: 1) acetone, 2) methoxyethene, 3) oxetane, 4)
propanal, or 5) propylene oxide. HCN, CH3NO, and C3HgO fold
changes were the highest amongst the Site 1 visits, with HCN
concentrations 2.1- and 1.8-fold higher than background levels at
Site 1 Visit 1 and Site 1 Visit 2, respectively. CH3NO concentrations
were 2.6-fold higher than background levels at Site 1 Visit 1, and
C3HgO concentrations were 1.8-fold higher than background
levels at Site 1 Visit 2. Concentrations of C;HgN, and CH,0, were
the highest amongst the Site 2 visits. C;HgN, was 9791- and
19,050-fold higher than background at Site 2 Visit 1 and Site 2 Visit
2, respectively. CH,0, was 138-fold higher than background at
Site 2 Visit 2. Importantly, for the potential chemicals with known
exposure limits, all estimated average detection levels remained
within the safe exposure limits. Safe exposure limits for the
following chemicals are either inconclusive or do not currently
exist: Dimethyldiazene, ethanimidamide, methoxyethene, and
oxetane.

Non-targeted analysis detected VOC emission relationships

To identify significant relationships between the VOCs emitted
across the sampling sites, we generated a correlation matrix using
the curated list of VOCs. We detected 5 clusters of at least 4 VOCs
that were significantly, positively correlated (Fig. 3A, B). Three of
the 5 clusters were composed of VOCs identified at only one
sample site visit (Fig. 3B). Notably, benzene and HCN were not
significantly correlated with large numbers of other VOCs. Toluene
was the only VOC that was significantly, positively correlated with
benzene, while CHs;NO (formamide) and the uncharacterized
compound, C;H,N3 were significantly, negatively correlated with
benzene. Similar to benzene, HCN was also significantly, positively
correlated with only one other VOC, CsH;¢0. CsH;0,0 could
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Fig. 2 Targeted and non-targeted analysis identify elevated VOCs within and outside the evacuation zone. A EPA targeted analysis of
benzene and hydrogen cyanide (HCN) within the evacuation zone between April 12-15th, 2023. B Targeted detection levels of benzene across
sampling site visits on April 15th, 2023. C Non-targeted estimated detection levels of hydrogen cyanide across sampling site visits on April
15th, 2023. D Non-targeted analysis of VOCs within and outside the evacuation zone with estimated average levels at least 1.8-fold higher
than background (site 0) levels. The numerical fold change value is shown for compounds that exceeded a 5-fold increase.

represent the following potential chemicals: 1)2-Butanone, 3-
methyl-, 2) 2H-Pyran, tetrahydro-, 3) 3-Pentanone, 4) 3-
ethoxyprop-1-ene (C2H50CH2CH=CH2), 5) 1-ethoxyprop-1-ene
(C2H50CH=CHCHS3), 6) Furan, tetrahydro-2-methyl-, 7) Pentanal,
or 8) trans-CH3CH=CH-OC2H5.

Hazard assessment of the potential chemicals identifies
hazard risk for human health effects

To evaluate the potential health hazard of the identified chemicals
with average concentration levels higher than the local rural
background (Site 0) during at least one site visit we used the EPA
Hazard Comparison Module [23] (Supplementary Table S3 and
Fig. 4A-E). The EPA Hazard Comparison Module is one of seven
modules available on the EPA Cheminformatics Modules website
(https://www.epa.gov/chemical-research/cheminformatics). These
are proof-of-concept modules to test new ways of delivering data
in the CompTox Chemicals Dashboard (CCD) to the community. The
Hazard Comparison Module delivers the ToxVal data underlying the
CCD as a heat map generated using a trumping scheme rating
various human health and ecological toxicity data as Very High,
High, Medium, Low and Inconclusive. These ratings are based on
the most conservative call from authoritative, screening and QSAR
predicted data [23]. The human health effects with the highest
number of potential chemicals classified as either a “very high” or
“high” hazard were eye irritation (45%) and skin irritation (39%).
Genotoxicity mutagenicity had the largest number of potential
chemicals classified as “very high” hazards (29%). Acute inhalation
toxicity (21%) and acute dermal toxicity (12%) had similar
distributions of the number of potential chemicals classified as
either a “very high” or “high” hazard. Notably, approximately 30% of
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the potential chemicals had no published data on eye and skin
irritation, acute dermal toxicity, or acute inhalation toxicity.

DISCUSSION

The MWT warehouse fire was one out of hundreds of recycling
facility fires in the U.S. in 2023 [8]. These facilities contain a large
mixture and volume of recycled material that can be highly
flammable, resulting in persistent, high temperature fires and the
release of harmful toxics, such as VOCs. As these facility fires are
increasing throughout the U.S. there is a significant need to
establish strategies that can sensitively and rapidly detect the
emitted VOCs [8]. In addition to identification, there is a need for
rapid quantification and health assessment of the detected VOCs
to help maintain safe emergency responses and protect the health
of local residents. Here we demonstrate that PTR-MS coupled with
NTA can facilitate rapid identification and hazard assessment of
VOCs emitted following a disaster.

First, we compared spatial variation of benzene and HCN, highly
toxic VOCs and common combustion products of plastic materials
[9, 11, 26-29]. Air monitoring conducted by the U.S. EPA on April
13th and 14th at sites near the MWT fire detected elevated, but
still considered safe, concentrations of benzene and HCN with
concentrations ranging between 0.5-2.0 ppm [29, 30]. While
benzene and HCN concentrations were below the limit of
detection for the air monitoring conducted by the EPA on April
15th, we detected levels of benzene and HCN near the incidence
site and bordering the evacuation zone. Notably, we also detected
benzene and HCN at our background sampling site, approximately
40 miles away from the incidence site. Concentrations of benzene
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Fig. 3 Spearman’s correlation matrix of elevated VOCs within and outside the evacuation zone relative to background levels.
A Correlation matrix displaying all correlation relationships between the detected compounds. B Correlation matrix displaying only the
significant (p < 0.05) correlation relationships between the detected compounds.

near the incidence site and bordering the evacuation zone were
significantly different than concentrations detected at the back-
ground, however, average detection concentrations of benzene
across all sampling visits were within national ambient concentra-
tions. Average ambient benzene concentrations ranging between
0.10-1.70 ppb have been detected across the US [31, 32]. While
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there was lack of a consistent pattern between benzene levels and
sampling location, HCN concentrations suggest a pattern between
detectable concentrations and proximity to the incidence site.
Specifically, HCN concentrations increased as distance to the
incidence site decreased. Interestingly, a similar trend in HCN
concentrations was detected in a residential area near a gold

SPRINGER NATURE



E.C.M. Vitucci et al.

Skin Irritation
9.2%

6.1% 71%
1%

C. D

Eye Irritation

2.0%

2.0%
2.0%

Acute Dermal Toxicity
8.2%

Il Very High
= High

[ Medium
[ Low

[ Inconclusive
[ No Data

4.1%

E

Genotoxicity Mutagenicity Acute Inhalation Toxicity
9.2%

13.3% 13.3%

Fig. 4 A subset of the hazard assessment of the VOCs detected by non-targeted analysis at sampling sites with average concentration
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classified as hazardous, ranging from “very high” to “low” in hazard potential.

mining facility, another source of HCN emissions, with concentra-
tions ranging from 0.16 to 8.56 ppbv [33]. Observation of this
pattern for HCN, but not benzene, could be due to the high
volatility of benzene and the variety of benzene emission sources,
resulting in background concentrations not specific to the MWT
fire [34]. As fires at recycling facilities are increasing in frequency in
the US [4], these data suggest monitoring HCN concentrations at
higher sensitivity may be a viable strategy to investigate the
spatial distribution of VOCs released from the incidence site.
Together, these data highlight the ability of this approach to
detect and evaluate ambient concentrations of VOC in commu-
nities and highlight the increased sensitivity of the PTR-TOF over
traditionally used field-deployable equipment.

In addition to benzene and HCN, plastic combustion also
releases high concentrations of other potentially toxic VOCs [9].
However, predicting the identity of all potential combustion
products from such variable, non-specific substrate mixtures is
challenging. Here, we demonstrate that coupling NTA with the
highly sensitive PTR-MS is a rapid and viable approach to generate
a comprehensive list of the emitted VOCs following the
combustion of variable substances. Using this approach, we
detected 46 VOCs that were above local background concentra-
tions, including benzene and HCN, across sampling sites within
and bordering the mandated evacuation zone. We continually
detected the largest number of total and unique VOCs at the
sampling site closest to the MWT fire (Site 1), approximately 0.1
miles away. Across both site #1 visits, the identity and estimated
average concentration of detected VOCs varied, illustrating the
variability in VOC emissions from fires and supporting the need for
frequent air monitoring throughout the duration of disasters. The
number of total and unique VOCs across the Site 2 visits were
consistently fewer than those detected across the site #1 visits.
These data suggest that the 0.5 mile radius evacuation mandate
may have been successful in decreasing the exposure of members
of the local community to potentially toxic chemicals. However, it
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is also important to highlight that the decreased number of total
and unique VOCs detected across the site #2 visits also coincided
with a sampling time 6-8.5h after the initial Site 1 Visit 1.
Although still elevated in comparison to the number of total and
unique VOCs detected across the site #2 visits, there was also a
decrease in the number of total and unique VOCs detected at Site
1 Visit 2, approximately 8 h after the initial Site 1 Visit 1 stationary
sampling. Thus, this information together may suggest the
decreased number of VOCs detected at the Site 2 visits may also
be a result of the overall reduction in VOC emissions from the
MWT fire. Future studies conducting mobile air monitoring could
improve this limitation by enabling data collection at Site 1 and
Site 2 within closer time frames to help better investigate the
relationship between VOC detection and proximity to the
incidence site with potentially fewer confounding factors due to
the status of the active fire. Notably, the EPA did not detect any of
these 46 VOC on the same day of our monitoring, across any of
their monitoring sites. These findings align with the growing field
of evidence suggesting NTA approaches can improve broad
chemical identification in disaster situations [1, 5].

The ability to generate a comprehensive hazard assessment of
the broad list of chemicals emitted following a disaster is another
important advantage of NTA approaches. Here, we demonstrate
that the Hazard Comparison Module can be used to rapidly identify
the potential acute human health hazards of each detected VOC
[21, 22]. In brief, the Hazard Comparison Module enables users to
identify chemical and hazard information to evaluate the potential
health effects of chemicals. Through examining the 46 VOCs with
estimated average concentrations higher than the local background
concentrations, eye and skin irritation had the highest number of
VOCs classified as “very high” - “high” hazard. A smaller number of
VOCs were also associated with “acute dermal toxicity”, further
suggesting exposed skin as a vulnerable target of the emitted VOCs
from the MWT fire. Interestingly, while all detected concentrations
were within safe limits, skin irritation was noted by several residents.
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As these safety limits were established for single chemical
exposures, this discrepancy highlights the need for the investigation
of chemical mixture exposure effects on human health and/or
highlights the importance of including susceptible groups
into these assessment studies. Notably, eye and skin irritation were
also among the common symptoms reported by the residents in
East Palestine following the Ohio train derailment [14]. Future
studies investigating the health outcomes of the first responders
and residents, such as that which occurred following the East
Palestine train derailment [35], would provide valuable, compli-
mentary data to the hazard assessment performed in this study.
Moreover, a similar assessment of the health outcomes of the
Richmond residents and first responders, within and bordering the
evacuation zone, could be used to improve our understanding of
the health risk of exposure to these VOCs for susceptible individuals,
including pregnant women, children, and the elderly.

In combination with hazard assessment, the rapid identification
of the exposure level of chemicals released during disaster
scenarios is important for risk characterization, enabling responses
that can improve the protection of first responders and the local
community [1, 22, 36]. Thus, we estimated the exposure
concentrations and emission relationships of the detected VOCs
to support future risk assessment. All detected VOCs had elevated,
but still considered safe, estimated average exposure concentra-
tions. Of the 46 VOCs detected across the sample sites, 5 had
estimated detection concentrations at least 1.8-fold higher than
background concentrations during at least one site visit. Notably,
certain VOCs in this group, such as C;H¢N,, had fold changes
consistently over 100-fold higher than background levels. In
addition, multiple VOCs in this group (HCN, formic acid, acetone,
propanal, and propylene oxide) were classified as either a “very
high” or “high” hazard for one or more of the human health effects
evaluated in the hazard assessment. 3 of these 5 elevated
compounds, HCN, C3HgO, and CH,0,, have also been previously
associated with plastic combustion [7, 27, 37-39]. While these
highly elevated levels of potentially hazardous VOCs suggest they
may be significant contributors of any observed adverse health
effects, it is also important to consider the total exposure burden
to improve hazard assessment. Therefore, we evaluated the spatial
and temporal emission relationships of the 46 elevated VOCs and
identified 5 large groups of at least 4 VOCs that were significantly,
positively correlated. These data highlight VOCs that were likely
emitted together, providing helpful information for future studies
evaluating the exposure effects and risk assessment of real-world
mixtures.

As no study is without limitations, we would like to acknowl-
edge a few limitations specific to this investigation. First, we
applied a default reaction rate to quantify compounds that we did
not have calibration standards for. This approach (i.e., nontargeted
analysis) can introduce uncertainty in absolute quantification, as
reported by others [25, 40]. Second, although the PTR-TOF 4000
uses “soft” ionization technology, fragmentation of larger VOCs
into products that can artificially inflate smaller VOC detection
levels can occur due to the ionization procedure and other factors
[41]. These additional contributing factors can be the specific
identity of the parent VOC and/or atmospheric conditions related
to time-of-day and seasonal conditions, as well as the extent of
urbanization of the sampling location. Given these uncertainties,
we have focused on relative abundance of VOCs in comparison to
background levels (i.e., site #0, approximately 40 miles away from
the incidence site). This is a useful approach to inform complex
VOC mixtures when external calibration, known k rates, and
determination of fragmentation are not possible or available,
particularly in the case of rapid emergency responses. Third, there
are additional tools for resolving VOCs at even higher resolution
[40]. However, the instrumentation applied in this study (PTR-TOF
4000) still offers high sensitivity and resolution (>4000) feasible for
conducting field studies in a mobile platform. This mobile
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application of the PTR-TOF 4000 is important, as it permits rapid
data collection that is essential when responding to environ-
mental emergency events.

Overall, the large and persistent MWT warehouse fire in
Richmond, IN, prompted the need to conduct air monitoring
measurements to identify the emitted air pollutants and assess the
potential human health risk to the local community. We set out to
complement the monitoring efforts initiated by the EPA through
stationary air monitoring within and bordering the mandated
evacuation zone. By coupling together NTA with the highly sensitive
PTR-MS, we generated a comprehensive list of 46 VOCs elevated
across sampling sites in Richmond, IN. By leveraging the EPA Hazard
Comparison Module, we also generated a hazard assessment of
the VOCs to identify most likely the human health effects from
exposure to these compounds. Lastly, we determined chemical
exposure levels and identified significant VOC emission relation-
ships to support future risk assessment of the VOCs associated with
the MWT warehouse fire. Together, these findings support the
applicability of NTA coupled with hazard assessment as a valuable
tool to identify unknown chemicals and their hazard potential in
disaster scenarios.

DATA AVAILABILITY

The data generated and analyzed for this study is provided in the supplemental
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REFERENCES

1. Phillips AL, Williams AJ, Sobus JR, Ulrich EM, Gundersen J, Langlois-Miller C, et al.
A Framework for Utilizing High-Resolution Mass Spectrometry and Nontargeted
Analysis in Rapid Response and Emergency Situations. Environ Toxicol Chem.
2022;41:1117-30.

2. Sekimoto K, Coggon MM, Gkatzelis Gl, Stockwell CE, Peischl J, Soja AJ, et al. Fuel-
Type Independent Parameterization of Volatile Organic Compound Emissions
from Western US Wildfires. Environ Sci Technol. 2023;57:13193-204.

3. David E, Niculescu VC. Volatile Organic Compounds (VOCs) as Environmental
Pollutants: Occurrence and Mitigation Using Nanomaterials. Int J Environ Res
Public Health. 2021;18:13147.

4. United States Environmental Protection Agency. An Analysis of Lithium-ion
Battery Fires in Waste Management and Recycling. United States Environmental
Protection Agency; epa.gov; 2021.

5. Sloop JT, Chao A, Gundersen J, Phillips AL, Sobus JR, Ulrich EM, et al. Demon-
strating the Use of Non-targeted Analysis for Identification of Unknown Chemi-
cals in Rapid Response Scenarios. Environ Sci Technol. 2023;57:3075-84.

6. National Response Center. N.R.C. Available from: https://nrc.uscg.mil/.

7. Simoneit BR, Medeiros PM, Didyk BM. Combustion products of plastics as indicators
for refuse burning in the atmosphere. Environ Sci Technol. 2005;39:6961-70.

8. Nugent C. Why Recycling Plants Keep Catching on Fire. 2023; Available from:
https://time.com/6271576/recycling-plant-fire-indiana/.

9. Barabad MLM, Jung W, Versoza ME, Lee YI, Choi K, Park D. Characteristics of
Particulate Matter and Volatile Organic Compound Emissions from the Com-
bustion of Waste Vinyl. Int J Environ Res Public Health. 2018;15:1390.

10. Wang X, Firouzkouhi H, Chow JC, Watson JG, Carter W, De Vos ASM. Character-
ization of gas and particle emissions from open burning of household solid waste
from South Africa. Atmos Chem Phys. 2023;23:8921-37. p

11. Junod TL. Gaseous Emissions And Toxic Hazards Associated With Plastics In Fire
Situations - A Literature Review. National Aeronautics and Space Administration;
nasa.gov; 1976.

12. Verma R, Vinoda KS, Papireddy M, Gowda ANS. Toxic Pollutants from Plastic
Waste- A Review. Procedia. Environ Sci. 2016;35:701-8.

13. Strum M, Scheffe R. National review of ambient air toxics observations. J Air
Waste Manag Assoc. 2016;66:120-33.

14. Oladeji O, Saitas M, Mustapha T, Johnson NM, Chiu WA, Rusyn |, et al. Air Pollutant
Patterns and Human Health Risk following the East Palestine, Ohio, Train
Derailment. Environ Sci Technol Lett. 2023;10:680-5.

15. Yu N, Wen H, Wang X, Yamazaki E, Taniyasu S, Yamashita N, et al. Nontarget
Discovery of Per- and Polyfluoroalkyl Substances in Atmospheric Particulate
Matter and Gaseous Phase Using Cryogenic Air Sampler. Environ Sci Technol.
2020;54:3103-13.

16. Xu C, Gao L, Zheng M, Qiao L, Wang K, Huang D, et al. Nontarget Screening of
Polycyclic Aromatic Compounds in Atmospheric Particulate Matter Using

SPRINGER NATURE


https://nrc.uscg.mil/
https://time.com/6271576/recycling-plant-fire-indiana/

E.C.M. Vitucci et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Ultrahigh Resolution Mass Spectrometry and Comprehensive Two-Dimensional
Gas Chromatography. Environ Sci Technol. 2021;55:109-19.

. McCord JP, Groff LC 2nd, Sobus JR. Quantitative non-targeted analysis: Bridging

the gap between contaminant discovery and risk characterization. Environ Int.
2022;158:107011.

. U.S. Environmental Protection Agency. My Way Trading Warehouse Fire. 2023;

Available from: https://response.epa.gov/site/doc_list.aspx?site_id=16003.

. An Han, H, Han, I, McCurdy, S, Whitworth, K, Delclos, G, Rammah, A, et al., The

Intercontinental Terminals Chemical Fire Study: A Rapid Response to an Industrial
Disaster to Address Resident Concerns in Deer Park, Texas. Int J Environ Res
Public Health. 2020;17:986.

Sekimoto K, Koss AR. Modern mass spectrometry in atmospheric sciences:
Measurement of volatile organic compounds in the troposphere using proton-
transfer-reaction mass spectrometry. J Mass Spectrom. 2021;56:e4619.

Williams AJ, Grulke CM, Edwards J, McEachran AD, Mansouri K, Baker NG, et al.
The CompTox Chemistry Dashboard: a community data resource for environ-
mental chemistry. J Cheminform. 2017;9:61.

Williams AJ, Lambert JC, Thayer K, Dorne JCM. Sourcing data on chemical
properties and hazard data from the US-EPA CompTox Chemicals Dashboard: A
practical guide for human risk assessment. Environ Int. 2021;154:106566.
Vegosen L, Martin TM. An automated framework for compiling and integrating
chemical hazard data. Clean Technol Environ Policy. 2020;22:441-58.

IONICON. PTR-MS Viewer. 2021; Available from: https://www.ionicon.com/
accessories/details/ptr-ms-viewer.

Holzinger R, Acton WJF, Bloss WJ, Breitenlechner M, Crilley LR, Dusanter S, et al,
Validity and limitations of simple reaction kinetics to calculate concentrations of
organic compounds from ion counts in PTR-MS. Atmos. Measur. Tech.
2019;12:6193-208.

Sentry Air Systems Inc.. Plastic Fumes.
www.sentryair.com/plastic-fumes.htm.

Betol E, Mari F, Orzalesi G, Volpato I. Combustion products from various kinds of
fibers: toxicological hazards from smoke exposure. Forensic Sci Int.
1983;22:111-6.

Vardoulakis S, Giagloglou E, Steinle S, Davis A, Sleeuwenhoek A, Galea KS, et al.
Indoor Exposure to Selected Air Pollutants in the Home Environment: A Sys-
tematic Review. Int J Environ Res Public Health. 2020;17:8972.

Committee on Acute Exposure Guideline Levels; Committee on Toxicology; Board
on Environmental Studies and Toxicology; Division on Earth and Life Studies;
National Research Council. Acute Exposure Guideline Levels for Selected Airborne
Chemicals. Vol. 2. Washington (DC): National Academies Press (US); 2002.
James F, Collins PD. Benzene Reference Exposure Levels: Technical Support
Document for the Derivation of Noncancer Reference Exposure Levels Appendix
D1, O.0.E.H.H. Assessment, Editor. 2014. Available at https://oehha.ca.gov/media/
downloads/crnr/benzenerelsjune2014.pdf.

U.S. Environmental Protection Agency. Ambient Concentrations of Benzene.
2010. https:/cfpub.epa.gov/roe/documents/BenzeneConcentrations.pdf.

Sekar A, Varghese GK, Ravi Varma MK. Analysis of benzene air quality standards,
monitoring methods and concentrations in indoor and outdoor environment. Heliyon.
2019;5:02918.

Zain SMSM, Shaharudin R, Kamaluddin MA, Daud SF. Determination of hydrogen
cyanide in residential ambient air using SPME coupled with GC-MS. Atmos Pollut
Res. 2017;8:678-85.

Roy H, Juana M, Delgado S, Dor F, Henderson R. Benzene. WHO Guidelines for
Indoor Air Quality: Selected Pollutants: Geneva: World Health Organization; 2010.
Chemical Exposures and Health Outcomes of the East Palestine, Ohio Train
Derailment on Pennsylvania First Responders, D.o.EH. Epidemiology. 2023.
Available  at  https://www.health.pa.gov/topics/Documents/Environmental%
20Health/Report_Chemical%20Exposures%20and%20Health%200utcomes%20-
%?20East%20Palestine%200hio.pdf.

Fisher CM, Peter KT, Newton SR, Schaub AJ, Sobus JR. Approaches for assessing
performance of high-resolution mass spectrometry-based non-targeted analysis
methods. Anal Bioanal Chem. 2022;414:6455-71.

Boettner EA, Ball GL, Weiss B. Combustion Products from the Incineration of
Plastics. Michigan: U.O.; 1973.

Ramadan BS, Rachman I, Matsumoto T. Activity and emission inventory of open
waste burning at the household level in developing countries: a case study of
Semarang City. J Mater Cycles Waste Manag. 2022;24:1194-204.

2024. Available from: https:/

SPRINGER NATURE

39. Yousef S, Eimontas J, Striugas N, Abdelnaby MA. Effect of aluminum leaching
pretreatment on catalytic pyrolysis of metallised food packaging plastics and its
linear and nonlinear kinetic behaviour. Sci Total Environ. 2022;844:157150.

40. Reinecke T, Leiminger M, Jordan A, Wisthaler A, Miiller M. Ultrahigh Sensitivity PTR-
MS Instrument with a Well-Defined lon Chemistry. Anal Chem. 2023;95:11879-84.

41. Coggon MM, Stockwell CE, Claflin MS, Pfannerstill EY, Xu L, Gilman JB, et al, Iden-
tifying and correcting interferences to PTR-ToF-MS measurements of isoprene and
other urban volatile organic compounds. Atmos Measure Tech, 2024;17:801-25.

ACKNOWLEDGEMENTS

We appreciate the assistance of Antony Williams, from US-EPA’s Center for
Computational Toxicology and Exposure, for the training and guidance regarding
the Hazard Comparison Module. The mRAPiD van and equipment was initially funded
through the Texas A&M University Research Development Fund.

AUTHOR CONTRIBUTIONS

ECMV: Investigation, methodology, formal data curation and analysis, writing —
original draft. OO: Methodology training, writing - review & editing. AAP:
Conceptualization, resources, writing - review & editing. CLC: Conceptualization,
investigation, methodology, writing - review & editing. NMJ: Conceptualization,
investigation, resources, writing — review & editing.

FUNDING

This research was funded by National Institute of Environmental Health Sciences
Grant P42 ES027704. Author EV received support from T32 ES026568. Authors CC and
NJ also received support from P30 ES029067. The mRAPID van and equipment was
initially funded through the Texas A&M University Research Development Fund.

COMPETING INTERESTS

The authors declare no competing interests

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41370-024-00681-y.

Correspondence and requests for materials should be addressed to
Natalie M. Johnson.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Journal of Exposure Science & Environmental Epidemiology


https://response.epa.gov/site/doc_list.aspx?site_id=16003
https://www.ionicon.com/accessories/details/ptr-ms-viewer
https://www.ionicon.com/accessories/details/ptr-ms-viewer
https://www.sentryair.com/plastic-fumes.htm
https://www.sentryair.com/plastic-fumes.htm
https://oehha.ca.gov/media/downloads/crnr/benzenerelsjune2014.pdf
https://oehha.ca.gov/media/downloads/crnr/benzenerelsjune2014.pdf
https://cfpub.epa.gov/roe/documents/BenzeneConcentrations.pdf
https://www.health.pa.gov/topics/Documents/Environmental%20Health/Report_Chemical%20Exposures%20and%20Health%20Outcomes%20-%20East%20Palestine%20Ohio.pdf
https://www.health.pa.gov/topics/Documents/Environmental%20Health/Report_Chemical%20Exposures%20and%20Health%20Outcomes%20-%20East%20Palestine%20Ohio.pdf
https://www.health.pa.gov/topics/Documents/Environmental%20Health/Report_Chemical%20Exposures%20and%20Health%20Outcomes%20-%20East%20Palestine%20Ohio.pdf
https://doi.org/10.1038/s41370-024-00681-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The application of PTR-MS and non-targeted analysis to characterize VOCs emitted from a plastic recycling facility�fire
	Introduction
	Materials and methods
	Instrumentation
	Sampling strategy
	VOC identification
	VOC quantification
	VOC correlation assessment
	VOC hazard assessment

	Results
	Overview of sampling and detection
	Targeted analysis of benzene
	Non-targeted analysis detected additional elevated�VOCs
	Non-targeted analysis detected VOC emission relationships
	Hazard assessment of the potential chemicals identifies hazard risk for human health effects

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




