
Aerosol Science and Technology

ISSN: 0278-6826 (Print) 1521-7388 (Online) Journal homepage: www.tandfonline.com/journals/uast20

Estimating gas-particle partitioning in mixed
emissions of plastic and biomass burning thermal
degradation products

Emily Halpern, Dominick Dotson, Qiaorong Xie, Peter Christ, Killian
MacFeely, Lauren Heirty, Sergey A. Nizkorodov & Alexander Laskin

To cite this article: Emily Halpern, Dominick Dotson, Qiaorong Xie, Peter Christ,
Killian MacFeely, Lauren Heirty, Sergey A. Nizkorodov & Alexander Laskin (2026)
Estimating gas-particle partitioning in mixed emissions of plastic and biomass burning
thermal degradation products, Aerosol Science and Technology, 60:7, 797-811, DOI:
10.1080/02786826.2025.2609955

To link to this article:  https://doi.org/10.1080/02786826.2025.2609955

© 2026 The Author(s). Published with
license by Taylor & Francis Group, LLC

View supplementary material 

Published online: 13 Jan 2026. Submit your article to this journal 

Article views: 804 View related articles 

View Crossmark data Citing articles: 1 View citing articles 

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=uast20

https://www.tandfonline.com/journals/uast20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786826.2025.2609955
https://doi.org/10.1080/02786826.2025.2609955
https://www.tandfonline.com/doi/suppl/10.1080/02786826.2025.2609955
https://www.tandfonline.com/doi/suppl/10.1080/02786826.2025.2609955
https://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02786826.2025.2609955?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02786826.2025.2609955?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2025.2609955&domain=pdf&date_stamp=13%20Jan%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2025.2609955&domain=pdf&date_stamp=13%20Jan%202026
https://www.tandfonline.com/doi/citedby/10.1080/02786826.2025.2609955?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/02786826.2025.2609955?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=uast20


Estimating gas-particle partitioning in mixed emissions of plastic and 
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aDepartment of Chemistry, Purdue University, West Lafayette, Indiana, USA; bDepartment of Chemistry, University of California, Irvine, 
Irvine, California, USA; cDepartment of Earth Atmospheric and Planetary Sciences, Purdue University, West Lafayette, Indiana, USA 

ABSTRACT 
Wildfires at the wildland–urban interface (WUI) generate highly complex and poorly charac
terized mixtures of gas-phase and condensed-phase pollutants. As the frequency and sever
ity of WUI events increase, evaluating gas–particle partitioning and mixing behavior of these 
emissions becomes essential for predicting their environmental impact. Experimental charac
terization of WUI aerosol emissions is particularly challenging due to the diversity of materi
als and variability in combustion conditions. Thus, practical methods for estimating chemical 
composition and gas–particle partitioning behavior of mixed-source emissions, with the 
potential to guide burning experiments with different fuel combinations, are valuable for 
assessing their atmospheric implications. Here, emission profiles resulting from the thermal 
degradation of selected plastic reference materials: polyethylene (PE), polypropylene (PP), 
polystyrene (PS), and polyvinyl chloride (PVC), are investigated using temperature- 
programmed desorption coupled with direct analysis in real time ionization source and 
high-resolution mass spectrometry. Combined with established parameterization methods, 
these measurements enable the construction of VBS distributions for the thermal decom
position products of individual plastics. Plastic-specific VBS distributions are then numerically 
combined with previously reported biomass burning aerosol properties to evaluate gas- 
particle partitioning and aerosol-phase viscosity in mixed emissions. Calculations indicate 
that emissions from PE and PP burning have greater potential to lower volatility and 
increase particle-phase viscosity in mixed WUI plumes compared to PS and PVC. These emis
sions may lead to an estimated 20% increase in particle-phase organic mass and induce vis
cosity changes.
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Introduction

Biomass burning organic aerosol (BBOA), emitted from 
wildfires and agricultural burns, consists of complex 
mixtures of organic compounds (Laskin et al. 2015, 
Laskin et al. 2025). These light-absorbing particles 
influence atmospheric radiation balance, contribute to 
degraded air quality, and impact human health (Burke 
et al. 2023; Chakrabarty et al. 2023; Fang et al. 2023). 
Exposure to BBOA has been associated with oxidative 
stress and increased risks of cardiovascular, neuro
logical, and respiratory diseases (Jaffe et al. 2020; 
Benedict et al. 2024; Fang et al. 2025). The hazards 
posed by BBOA from wildfires are of particular con
cern, as the frequency and severity of wildfire events 
have been increasing in response to shifts in environ
mental conditions and land management practices 
(Balch et al. 2017; Ganteaume et al. 2021). Additionally, 
BBOA can be transported over long distances, reaching 
regions thousands of kilometers from the source and 
affecting communities far from the emission’s origin 
(Jaffe et al. 2020; Benedict et al. 2024).

The wildland-urban interface (WUI) is an area 
where residential and commercial developments are 
mixed with or adjacent to undeveloped natural land
scapes (Hammer et al. 2009). Despite their growing 
relevance, WUI emissions remain understudied rela
tive to wildfires in purely vegetated regions, largely 
because of the increased complexity associated with 
burning mixed materials (Benedict et al. 2024; 
Hopstock et al. 2024). The expansion of WUI areas 
further elevates the likelihood of fire ignition and 
spread in these regions (Balch et al. 2017; Ganteaume 
et al. 2021). Humans also start approximately 84% of 
wildfires, resulting in increased WUI fire frequency. 
Many recent WUI events, such as those in the Los 
Angeles area in 2025, have been particularly destruc
tive. Wildfires occurring in the WUI produce particu
larly complex emissions of gas-phase species and 
aerosol mixtures compared to vegetation-only fires, as 
a result of the burning of commercial materials such 
as plywood, plastic, insulation, and other structural 
components (Ganteaume et al. 2021; Holder et al. 
2023). These mixed-source emissions also influence 
the regional gas-particle partitioning behavior of air
borne pollutants, thereby affecting the atmospheric 
transport, chemical reactivity, and air quality impacts 
of the resulting aerosols (Liang et al. 2023).

Plastic materials constitute a substantial fraction of 
residential and commercial infrastructure, accounting 
for 10–25% of building content. Common applications 
of plastic in buildings include insulation, furniture, 
flooring, carpeting, and piping, comprising a diverse 

array of polymers such as polyethylene, polyurethane, 
polypropylene, polyvinyl chloride, polytetrafluoro
ethylene, polystyrene, and nylon (National Academies 
of Sciences, Engineering, and Medicine et al. 2022). 
When subjected to high temperatures, plastics gener
ate highly complex emissions that can cause signifi
cant environmental and health hazards (Zhang et al. 
2023; National Academies of Sciences, Engineering, 
and Medicine et al. 2022). These emissions have also 
been shown to induce high oxidative stress and cyto
toxicity (Wu et al. 2021; Bardales Cruz et al. 2023), 
containing a variety of toxic constituents, including 
halogenic acids, PAHs, dioxins, furans, olefins, paraf
fins, plasticizers, and other additives (Holder et al. 
2023; Zhang et al. 2023). Plastic burning also typically 
results in high concentrations of fine particulate mat
ter, with emissions also enriched in volatile organic 
compounds (VOCs) that facilitate secondary organic 
aerosol (SOA) formation (Bardales Cruz et al. 2023; 
Hopstock et al. 2024). Plastic burning particulate mat
ter has been identified as a source of environmentally 
persistent free radicals (EPFRs) (Salim et al. 2025). 
The compositional variability complicates experimen
tal evaluation of plastic burning emissions, rendering 
a comprehensive assessment both resource-intensive 
and analytically challenging (Hoffer et al. 2020). 
In WUI fires, plastics are typically co-burnt with 
biomass, leading to complex compositions that alter 
aerosol volatility, reactivity, and viscosity. These 
mixed-source emissions further complicate efforts to 
characterize the composition, physical properties, and 
environmental impacts of WUI-derived aerosols.

To assess the impact of WUI emissions on human 
health and the environment, improved characterization 
of aerosols formed from mixed-emission sources is 
essential. However, the wide variety of materials present 
in WUI fires makes comprehensive experimental meas
urements of all potential mixtures both challenging and 
time-consuming. Plastic waste materials have previ
ously been characterized using temperature- 
programmed desorption (TPD) coupled with direct 
analysis in real-time (DART) ionization and high- 
resolution mass spectrometry (HRMS) (Zhang et al. 
2020; Forbes et al. 2023; Halpern et al. 2025). The TPD 
step of this platform enables controlled thermal decom
position of plastic samples, followed by the evaporation 
of their thermal decomposition products, which mimic 
plastic thermal degradation processes. Similarly, the 
composition and volatility of BBOA components have 
been experimentally assessed using the same technique, 
as described by Xie et al. 2024a. In this study, a practical 
framework is presented that integrates TPD-DART- 
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HRMS measurements with established volatility basis 
set (VBS) parameterizations (Donahue et al. 2011, 2012; 
Murphy et al. 2012) to model the gas-particle partition
ing behavior of organic aerosols composed of mixed 
species originating from plastic and biomass sources. 
This approach facilitates the initial evaluation of 
source-specific emission characteristics and atmos
pheric transformation trends associated with organic 
aerosols from WUI fires involving chemically diverse 
materials.

Methods

Polyethylene (PE, low-density), polypropylene (PP, 
average MW 12,000 Da), polystyrene (PS, average MW 
35,000 Da), and polyvinyl chloride (PVC, low molecu
lar weight), purchased from Sigma-Aldrich (St. Louis, 
MO), were used in this study as reference plastic 
materials. These representative polymers were selected 
based on their widespread use in household products 
and construction materials commonly found in the 
WUI regions (National Academies of Sciences, 
Engineering, and Medicine et al. 2022) and their pre
viously documented potential to produce multi- 
component thermal decomposition emissions 
(Halpern et al. 2025). Figure 1 illustrates the experi
mental setup. Approximately 1 mg of each plastic 
sample cut from a larger piece was placed onto a cop
per substrate for TPD-DART-HRMS analysis. The 
copper substrate was positioned on an Ion-RocketTM 

heating stage (BioChromato Inc., Fujisawa, Kanagawa, 
Japan) connected to a DART ionization source 
(JumpShotVR , IonSense Inc., Saugus, MA, USA) and 
interfaced with an Orbitrap Q Exactive HF-X high- 
resolution mass analyzer (Thermo Scientific Inc.). The 
heating protocol involved an initial hold at 50 �C for 
0.5 min, followed by a temperature ramp of 100 �C 
min−1 until reaching 600 �C, which was then main
tained for 1 min. A glass T-shaped connector was 
employed to direct evaporating analyte into the flow 
of ionizing gas. The DART ionizing gas stream, carry
ing metastable excited-state helium (He�) and associ
ated secondary ionizing species, was maintained at 
200 �C with a flow rate of 2 L/min. After each experi
ment, no visible plastic residue or char remained in 
the copper substrate. However, a light visible conden
sate was occasionally observed on the inner surface of 
the T-shaped glass connector. To prevent cross- 
contamination, the connector was thoroughly cleaned 
between runs, and a new copper substrate was used 
for every experiment.

The ion abundances observed in positive ion mode 
for all plastic samples analyzed in this study were sig
nificantly higher than those detected in negative mode, 
with enhancements of approximately two-fold for PE, 
three-fold for PP, and ten-fold for PS (Figure S1) 
for the entire thermogram. These substantially higher 
signal intensities are attributed to the enhanced ion
ization efficiency of hydrocarbon species under 
positive-mode DART ionization (Chernetsova et al. 
2011). In the case of PVC, all ions detected in nega
tive mode were CuxClxþ1

− (x¼ 1–7) species formed 
through reactions between HCl thermal decompos
ition products and the copper substrate, with no 
hydrocarbon products observed (Halpern et al. 2025). 
Consequently, the composition and properties of 
plastic thermal decomposition products are discussed 
based on TPD-(þ)DART results, while TPD- 
(−)DART results are provided in the online supple
mentary information.

The mass spectrometer was operated at a mass 
resolving power of m/Dm¼ 240,000 at m/z 200, with 
data acquisition in m/z 100–1000 range. The elemental 
composition of plastic thermal decomposition prod
ucts was determined from the assignments of HRMS 
features integrated over the full heating range from 
50 �C to 600 �C (Figure 1b). Individual HRMS peaks 
were extracted using DeconTools Autoprocessor 
(http://omics.pnl.gov/software/) (Jaitly et al. 2009). 
Molecular formulas were assigned using MIDAS (ver
sion 1.1) molecular formula calculator developed by 
the National High Magnetic Field Laboratory, USA, 
assisted by Kendrick mass defect (KMD) analysis and 
grouping. HRMS were grouped in two-dimensional 
CH2-H2 KMD groups using custom Excel macros 
developed for background subtraction and KMD clas
sification (Hughey et al. 2001; Roach et al. 2011). 
Formula assignments were constrained by a mass tol
erance of ±2 ppm and limited to the following elem
ental composition ranges: C� 100, H� 200, N� 1, 
and O� 50. Ion species were restricted to [MþH]þ, 
[MþNH4]þ, and [M�]þ ions in positive mode and 
[M-H]−, [MþNO2]−, [M�]− ions in negative mode. 
In the case of PVC, abundant [CuxClxþ1]− cluster 
ions were observed in negative mode. Additionally, a 
small number of chlorinated organic species were 
detected in positive mode, although their total ion sig
nal was minimal (�0.5% of the total). However, 
molecular metrics, gas-particle partitioning, and vis
cosity cannot be determined for these materials, so 
estimates were not compiled for (─)DART PVC 
measurements.
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Based on the ion formula assignments, a series of 
molecular metrics was calculated for the correspond
ing neutral molecular species (M) representing plastic 
thermal decomposition products. In these calculations, 
nC; nH; and nO represent the number of carbon, 
hydrogen, and oxygen atoms in each molecule (M), 
respectively. Since none of the analyzed plastic types 
contain nitrogen in their polymer backbones, all 
nitrogen-containing assignments were interpreted as 
adduct ions [MþNH4]þ in positive mode and 
[MþNO2]− in negative mode, consistent with previ
ous observations using the DART ion source (Gross 
2014) The double bond equivalent (DBE) values were 
calculated using Equation (1) (Meija 2006):

DBE ¼ nC −
nH

2
þ 1 (1) 

The aromaticity index (AImod) values were calcu
lated using Equation (2) (Koch and Dittmar 2006):

AImod ¼
1þ nC − 0:5 � nO − 0:5 � nH

nC − 0:5 � nO
(2) 

The carbon oxidation state (OSc) values were calcu
lated using Equation (3) (Kroll et al. 2011):

OSC ¼ 2 �
nO

nC
−

nH

nC
(3) 

Results and discussion

Methodology for assessing the volatility and gas- 
particle partitioning of plastic thermal decomposition 
product mixtures. The DBE, AImod, and OSC plots of 

the thermal decomposition products of each plastic 
type for (þ/−) DART are shown in Figures S2–S4 
(Supplemental Note 1). DBE values falling between 
the linear polyene line and planar aromatic limit 
depicted in Figure S2 will likely contribute to the pool 
of light-absorbing species in the atmosphere. In gen
eral, the range of DBE values for plastic thermal 
decomposition products depends on the plastic type. 
Both PE and PP produce long aliphatic chains with 
mostly non-light-absorbing products when thermally 
decomposed, while PS and PVC produce both ali
phatic chains and aromatic molecules, which could be 
light-absorbing. The aromatic products from PS deg
radation result from thermally stable benzene moieties 
comprising the original polymer backbone, while 
smaller, alkane organic species are also produced in 
varying amounts depending on the efficiency of ther
mal decomposition (Gonçalves et al. 2008). In con
trast, aromatic species products from PVC 
degradation are formed during the thermal decompos
ition processes, facilitated by the elimination of HCl 
and free radical chemistry, producing polyaromatic 
hydrocarbons (PAHs) (Huang et al. 2018). The AImod 

plots in Figure S3 depict the wide range of aromaticity 
for plastic products. All four plastics produce con
densed aromatic species (AImod>0.67), in low quanti
ties, as well as species with no aromatic character. The 
oxidation state of carbon (OSc) in detected thermal 
decomposition plastic products is in the range 
between −2 and 0, as depicted in Figure S4. These 
species are mostly reduced and have low oxygen con
tribution, similar to the OSc ranges of hydrocarbon- 

Figure 1. Schematic overview of the TPD-DART-HRMS experiments for the characterization of plastic thermal decomposition prod
ucts. (a) Plastic samples are placed onto a copper substrate and subjected to controlled heating to induce thermal decomposition. 
The resulting products evaporate and are subsequently ionized in the DART gas stream by metastable helium (He�) and associated 
secondary gas-phase ionization mechanisms. (b) Representative (─)DART thermograms of a polypropylene (PP) sample and a bio
mass burning organic aerosol (BBOA) sample reported in previous studies, (Xie et al. 2024a) highlighting the higher temperature 
range of PP decomposition products compared to the lower-temperature evaporation of BBOA components. The red line indicated 
the heating ramp of the TPD-DART source. (c) Mass spectra of PP thermal decomposition products recorded across different tem
perature intervals, showing molecular features characteristic of plastic thermal decomposition emissions.
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like primary organic aerosol and biomass burning 
organic aerosol (Kroll et al. 2011).

In the TPD-DART-HRMS experiments, mass spec
tra are continuously recorded, allowing for sensitive 
detection and characterization of the evolving emis
sion profiles from plastic samples during temperature- 
controlled thermal decomposition, as illustrated in 
Figure 1. For relatively small molecular species, such 
as those that dominate BBOA, apparent enthalpies of 
sublimation/evaporation for individual species can be 
determined through quantitative analysis of the ther
mograms (West et al. 2023; Xie et al. 2024a). 
However, as shown in the (─)DART thermograms of 
plastic and BBOA in Figure 1b, the characteristic ther
mograms of plastic products peak at significantly 
higher temperatures, reflecting a combination of both 
thermal decomposition of the starting plastic material 
and subsequent volatilization of the products. 
Consequently, the enthalpies of sublimation/evapor
ation of plastic-derived thermal decomposition prod
ucts cannot be directly inferred from thermograms 
alone, necessitating the alternative estimation 
approach described below.

As plastics undergo thermal decomposition, their 
degradation products are released into the gas phase, 
where they can subsequently condense to form aerosol 
particles. Figure 2 provides a conceptual overview 
of the equilibrium partitioning of these products 
between the gas and particle phases, along with a 
summary of the component-specific data processing 
methods employed in this study. This partitioning 
behavior is governed by the volatility of individual 
species and key external environmental factors, 
including temperature, pressure, and the total particu
late organic mass loading in the system. The elemental 
compositions of the detected thermal decomposition 
products are determined through the assignment of 
HRMS ion features, assuming complete formation of 
gas-phase species, with appropriate corrections applied 
for their ionization forms. These assignments allow 
for the calculation of molecular weights for the corre
sponding neutral species. The mass fractions (fi) of 
the individual species are then calculated using 
Equation (4):

fi ¼
ri � hi�MWi

P
i ri � hi �MWi

where
X

i
fi ¼ 1 (4) 

Here, MWi is the molecular weight of the detected 
neutral species (i); hi represents the integrated area of 
the single ion thermogram (SIT) corresponding to its 
characteristic parent ion; ri is a sensitivity correction 
factor (defined here as the inverse of the ionization 

sensitivity) that accounts for the relative ionization 
efficiency of each species.

While the ionization mechanism of DART is multi
faceted and involves complex gas-phase ion chemistry, 
its fundamental processes can be summarized as fol
lows. Excited metastable helium atoms (He�) are gen
erated via glow discharge inside the ionization source 
and directed into the T-shaped glass junction, where 
they collide with gas-phase analyte molecules (M) des
orbed from the heated substrate (Figure 1a). The 
19.8 eV energy of He� enables efficient ionization of 
ambient nitrogen (N2) and most organic molecules 
through Penning ionization (MþHe� ! M�þ þ
Heþ e–). Ambient water vapor is also ionized, form
ing protonated water clusters, H3Oþ(H2O)n, which 
facilitate secondary proton transfer reactions, resulting 
in the formation of [MþH]þ ions. In the presence of 
trace ammonia, NH4

þ ions may also form, yielding 
[MþNH4]þ adducts. Electrons released through 
Penning ionization are captured by atmospheric oxy
gen, generating superoxide anions O2

�−, which then 
engage in further ion–molecule reactions leading to 
the formation of deprotonated species [M-H]− (Gross 
2014). Importantly, the TPD-DART experimental 
setup decouples analyte desorption from ionization, 
allowing the ionization efficiency to be governed pri
marily by bimolecular gas-phase reaction kinetics 
between the analyte molecules (M) and He� reagent 
supplied in large excess. As the analyte is gradually 
desorbed at relatively low concentrations, the ioniza
tion process remains in a kinetic regime controlled by 
He� and analyte collisions. Under these conditions, 
DART ionization is stable and reproducible (West 
et al. 2023; Xie et al. 2024b, 2024a, 2025). In this sce
nario, assuming low contribution from other kinetic 
schemes as is implied by previous studies and litera
ture (Gross 2014), the approximate sensitivity correc
tion factors (ri) for individual species can be inferred 
from differences in their estimated He� and analyte 
collision cross sections.

Details on the evaluation of sensitivity correction 
factors (ri) based on calculated collision cross sections 
(CCS) for representative analyte molecules are pro
vided in Supplementary Note 2. Briefly, we selected 
monomerically related products, consisting of struc
turally similar homologous species that reflect the ori
ginal polymer backbone with progressively increasing 
carbon chain length. The molecular geometries of 
these compounds were optimized using density func
tional theory (DFT) with the B3LYP functional and 
the 6–31 G� basis using the ‘Q-Chem 50 program 
package, enabling estimation of their gas-phase CCS 
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values (Figure S5, Table S1) (Epifanovsky et al. 2021). 
CCS values were determined from the Ion Mobility 
Spectrometry Suite for each representative molecule 
(IMoS; https://www.imospedia.com/imos/) based on 
the projected area approximation method. (Shrivastav 
et al. 2017) The resulting CCS values were used to 
construct plots of the dimensionless ratio 
RMWi¼CCSMWi/CCS100 versus MW, as shown in 
Figure S6. Here, CCS100 represents the reference value 
derived from a linear regression fit to the dataset 
(R¼ a�MWiþb) normalized such that R100¼1. These 
R ratios provide a standardized framework for com
paring the CCS values of individual species as a func
tion of molecular weights. Due to the similarity of the 

RMWi ratios among the thermal decomposition prod
ucts of PE, PP, and PVC, a single regression line was 
derived for the products from these three plastic types. 
A separate regression line was determined for PS 
products due to their distinct aromatic moieties. 
Sensitivity correction factors (ri) were then calculated 
using Equation (5):

ri ¼
1

ða�MWi þ bÞ
(5) 

While these ri values do not capture the funda
mental kinetics of the various ionization reactions 
occurring in DART, they provide a first-order 
approximation of the generally higher ionization 

Figure 2. Schematic summary of the workflow used to estimate the volatility and gas-particle partitioning behavior of plastic ther
mal decomposition product mixtures. Each of the sequential steps noted in this caption are further elaborated in the manuscript 
text. (a) Graphic representation of the equilibrium partitioning of plastic thermal decomposition products between gas and particle 
phases, as governed by temperature (T, K) and total organic mass loading in air (CtOM, mg�m−3). (b) Identification of individual 
plastic thermal decomposition products (i), illustrated by the mass spectrum obtained for PP. Saturation vapor pressures 
(iC�298, mg�m−3) are calculated using methods described in Supplemental Note 3. The corresponding apparent enthalpies (iDH�, 
kJ mol−1) associated with the condensed-to-gas phase transitions are determined using the limit II parameterization reported by 
Ranjan et al. (2012). (c) Construction of volatility basis set (VBS) distributions for plastic pyrolysis mixtures, exemplified by the VBS 
distribution of PP products at T¼ 100 �C and CtOM¼100 lg m−3. The light blue indicates the gas-phase fraction, while the dark 
blue represents the particle-phase fraction.
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efficiencies associated with larger products possessing 
greater collision cross sections.

The initial reference volatility values of individual 
species, expressed as gas-phase saturation mass con
centrations at 298 K (iC0

298K, mg�m−3), were calculated 
from their elemental formulas using the “Molecular 
Corridors (MC)” parameterization by Li et al. (2016). 
These iC0

298K values were then refined to yield cor
rected iC�298K values by applying a correction factor 
derived from comparisons between MC-predicted vol
atilities and experimental data reported for laboratory- 
generated secondary organic aerosol (SOA) (West 
et al. 2023), as illustrated in Figure S7. The detailed 
calculation procedures for these volatility estimates are 
provided in Supplemental Note 3. Results of the 
iC�298K estimates for each of the plastic types are pro
vided in Figure S8.

Calculation of the temperature-dependent gas- 
phase saturation mass concentrations of individual 
species (iC�T, mg�m−3) requires additional estimates of 
the apparent enthalpies (iDH�, kJ mol−1) associated 
with their transition from the condensed to gas phase. 
These DH� values can be calculated using existing 
parameterizations of DH� as a function of logC�298K, 
which have been reported for various organic aerosol 
mixtures. Our recent field study demonstrated that 
pairs of iDH� and iC�298K values reported for compo
nents of ambient aerosol mixtures generally fall within 
the bounds of two previously reported parameteri
zation lines: limit I defined by DH� ¼ −11�
log(C�298K) þ 129 (Epstein et al. 2010) and limit II 
defined by DH� ¼ −11� log(C�298K) þ 85 (Ranjan 
et al. 2012; Xie et al. 2025). As shown in Figure S9, 
the majority of ambient aerosol components tend to 
cluster closer to limit II. Based on those observations, 
this study adopts limit II semi-empirical parameteriza
tion for estimating the iDH� of plastic-derived thermal 
decomposition products. Consequently, the 
temperature-dependent iC�T values of species (i) are 
determined using the Clausius − Clapeyron Equation 
(6), using the parametrically derived values of iC�298K 
and iDH�.

C�T ¼ C�298K
298K

T

� �

exp −i DH�

R
1
T

−
1

298K

� �� �

(6) 

The temperature-dependent VBS distributions of 
the detected plastic thermal decomposition products 
are then constructed by grouping individual species 
into a series of bins (j), defined by integer values of 
(logC�)j. The corresponding temperature-dependent 
relative heights (HT,j) of each VBS bin are then calcu
lated using Equation (7):

HT, j ¼

�P
i fi

iC�T
�

j
P

j
�P

i fi
iC�T
�

j
where

X

j
HT, j ¼ 1 (7) 

The particle-phase mass fractions of plastic thermal 
decomposition products, if aerosolized at given total 
organic mass (tOM) loading and temperature (T) in 
the air (CtOM, mg�m−3), can be calculated for each 
volatility bin (j) using Equation (8).

Xp
T, j ¼ HT, j �

CtOM

CtOM þ
�P

i
iC�T
�

j
(8) 

Overall, the methodology described above and 
summarized in Figure 2 enables the construction of 
VBS distributions for mixtures of plastic thermal 
decomposition products across a range of atmospheri
cally relevant temperatures (T). It also facilitates the 
estimation of their equilibrium gas-phase and particle- 
phase fractions under varying tOM loading 
conditions.

To evaluate the effects of emissions from WUI fires 
involving both biomass and plastic-derived compo
nents, the VBS distributions derived for plastic ther
mal decomposition products can be numerically 
combined with VBS profiles for other WUI-relevant 
emission components, such as those previously 
reported for BBOA (Xie et al. 2024a). This approach 
enables the construction of representative VBS distri
butions for mixed-source emissions. Specifically, a 
composite VBS distribution for emissions from N dis
tinct sources, each characterized by its own VBS pro
file, can be calculated using Equation (9).

HRN
T, j ¼

P
NxNHN

T, j
P

j½
P

NxNHN
T, j�j

(9) 

Here, HRN
T, j represents the temperature-dependent 

height of the volatility bin (j) constructed for a mix
ture containing N components, each contributing a 
mass fraction xN (RxN¼1). As an approximation, these 
xN values can be used to represent the relative contri
butions of various fuel types considered for WUI 
emissions. Figure 3 presents a numerically constructed 
VBS distribution for a hypothetical emission mixture 
composed of 50% biomass burning organic aerosol 
(BBOA) and 50% polypropylene (PP), which was ther
mally decomposed and then cooled to T¼ 50 �C and 
CtOM ¼ 100 lg/m3. The accompanying pie charts illus
trate the fractions of each emission source that would 
partition between the gas- and particle-phase under 
these conditions. This composite VBS framework ena
bles the numeric evaluation of how mixed emission 
sources influence overall gas–particle partitioning 
behavior. For example, under the specified T and 
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CtOM conditions, burning of a 50/50 mixture of PP 
and biomass fuel would produce an aerosol with 
lower volatility and a greater particle-phase fraction 
compared to biomass emissions alone. This shift in 
partitioning has direct implications for the chemical 
reactivity, optical properties, and contribution to 
PM2.5 mass of the resulting aerosol mixture.

Chemical variability of plastic thermal decompos
ition products. The thermal decomposition products 
of common plastic materials exhibit significant vari
ability in both molecular size and compositional dis
tribution. Figure 4 presents the mass spectra of plastic 
thermal decomposition products determined in TPD- 
(þ)DART-HRMS experiments for four major plastic 
types: PP, PE, PS, and PVC. The background colors 
delineate approximate regions of volatility classes with 
minor variations from differences in molecular for
mula, including volatile organic compounds (VOC), 
intermediate volatile organic compounds (IVOC), 
semi-volatile organic compounds (SVOC), low volatile 
organic compounds (LVOC), and extremely low vola
tility organic compounds (ELVOC), previously defined 
in Donahue et al. (2012) to describe the volatility of 
organic compounds. The individual formula assign
ments and chemical properties of the species identi
fied for each plastic type are discussed in detail in 
Halpern et al. (2025). The results demonstrate that 
each plastic generates a distinct spectrum of thermal 
decomposition products, leading to aerosol emissions 
with differing volatility profiles. Specifically, PP and 
PE produce a broad distribution of species spanning 
the full volatility range from VOC to ELVOC, with a 
significant proportion of compounds falling within 
LVOC and ELVOC categories. PS products are char
acterized by a distinct region of larger, lower volatility 

species, along with a significant cluster of abundant 
species falling in the IVOC category. PVC products 
exhibit a comparatively narrower range of volatility 
classes, with minimal contribution from ELVOC spe
cies. The corresponding mass spectra obtained in 
TPD-(─)DART-HRMS experiments are provided in 
Figure S10. Overall, Figures 4 and S10 highlight the 
substantial variability in the chemical composition 
and volatility of plastic thermal decomposition prod
ucts, which directly influence the physicochemical 
properties of aerosols emitted by WUI fires.

Assessment of gas-particle partitioning in mixed 
emissions. The VBS distributions calculated across a 
wide range of temperatures and total organic mass 
loadings provide numerical values for constructing 
two-dimensional (2D) maps that depict the equilib
rium gas-particle partitioning of aerosolized mixtures 
as a function of T and CtOM. Figure 5 presents the 2D 
gas-particle partitioning maps for the thermal decom
position products of four plastic types investigated in 
this study (PP, PE, PS, and PVC). These maps visual
ize the differences in gas-particle partitioning behavior 
among the thermal decomposition products of these 
plastics and illustrate how they may evolve during 
atmospheric transport. The maps reveal that within 
concentrated plumes of WUI smoke emissions (CtOM 

>100 lg/m3), the majority of plastic-derived products 
are expected to reside in the particle phase (>80%) at 
relatively low ambient temperatures approaching 
25 �C. This leads to higher particle counts, elevated 
concentrations of PM2.5, and slower aging due to lim
ited volatilization. Notably, under any combination of 
T and CtOM conditions, the thermal decomposition 
products of PP exhibit greater preference for particle- 
phase (i.e., higher condensability) compared to those 

Figure 3. Numerically constructed VBS distribution representing an emission mixture composed of 50% biomass burning organic 
aerosol (BBOA) and 50% polypropylene (PP) thermal decomposition products calculated at T¼ 50 �C and CtOM¼100 lg/m3.
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from PE, PS, and PVC. This framework enables quan
titative estimation of how the burning of different 
plastic types influences gas-particle partitioning in 
WUI emissions. The corresponding 2D maps derived 
from TPD-(−)DART-HRMS experiments are shown 
in Figure S11 and display similar trends to those in 
Figure 5.

Similar 2D gas-particle partitioning maps can be 
generated using numerically constructed VBS distribu
tions representing hypothetical WUI fire emissions 
composed of products from mixed plastic and bio
mass fuels. Figure 6 illustrates one such example, 
showing the numerically estimated gas-particle parti
tioning behavior for an emission mixture containing 
50% BBOA and 50% of PP thermal decomposition 
products. Under typical ambient temperatures 
(<40 �C), PP-derived products are predicted to be 
more condensable than those from BBOA, with over 
70% of their mass residing in the particle phase. 
When PP plastic fuel is co-burned with biomass, the 
resulting emission mixture is expected to exhibit con
densability between BBOA and PP. This framework 
also enables a detailed assessment of how gas–particle 
partitioning evolves under atmospheric conditions 
typically encountered by WUI fire plumes. As the 
emissions move away from the source, they undergo 
both cooling and dilution, leading to dynamic changes 

in the extent of gas-particle partitioning of their com
ponents. In Figure 6, the trajectory along points 1–5 
represents initial cooling of the plume, followed by 
dilution along trajectory points 5–9, representing a 
hypothetical series of conditions for a mixed WUI fire 
emission. For each of these trajectory points, associ
ated gas- and particle-phase mass loadings can be 
extracted (Table S1), along with their corresponding 
VBS distributions, providing practical data for atmos
pheric modeling of plume evolution, which can be 
used for atmospheric modeling studies. Additional 2D 
gas-particle partitioning maps for 50/50 emission mix
tures of BBOA with thermal decomposition products 
from PE, PS, and PVC are included in Figure S12.

Figure 7 presents the estimated particle-phase frac
tions for mixed emissions composed of BBOA with 
plastic thermal decomposition products derived from 
each of the four plastic types (PP, PE, PS, and PVC), 
evaluated at mixing ratios of 0% (all BBOA), 10%, 
25%, and 50%. Calculations are performed along the 
same trajectory points (1–9) defined in Figure 6 and 
detailed in Table S1. The results indicate that the add
ition of plastic-derived products has a minimal impact 
on gas-particle partitioning at high mass loadings and 
elevated temperatures (point 1). However, as the 
plume cools down and dilutes during atmospheric 
transport, the presence of plastic thermal degradation 

Figure 4. Mass spectra of thermal decomposition products obtained in TPD-(þ)DART-HRMS experiments with four common plastic 
types: polypropylene (PP), polyethylene (PE), polystyrene (PS), and polyvinyl chloride (PVC). The background color regions indicate 
approximate volatility classes: volatile organic compounds (VOC), intermediately volatile organic compounds (IVOC), semi-volatile 
organic compounds (SVOC), low volatile organic compounds (LVOC), and extremely low volatility organic compounds (ELVOC).
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Figure 5. 2D gas-particle partitioning maps for thermal decomposition products of four plastic types (PE, PP, PS, and PVC) calcu
lated from VBS distributions derived using TPD-(þ)DART-HRMS experiments. Each map depicts the equilibrium partitioning behav
ior of plastic-derived products across a broad range of ambient temperatures and total organic mass loadings, illustrating the 
relative propensity of each plastic’s pyrolysis products to exist in the particle versus gas phase under atmospherically relevant 
conditions.

Figure 6. 2D gas-particle maps of BBOA and PP-derived thermal decomposition products (left panels), along with a composite 
map representing a 50/50 mixed emission from BBOA and PP products (right panel). The trajectories along points 1–9 illustrate an 
example of cooling (points 1–5) and dilution (points 5–9) experienced by fire emissions as they disperse from the source.
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products leads to a more substantial increase in the 
particle-phase fraction (point 9), particularly at higher 
plastic contributions (�25%). While the thermal 
decomposition products of PE, PP, and PS exhibit a 
similar qualitative effect on the resulting mixed emis
sions after their atmospheric cooling and dilution, 
their expected quantitative impacts vary by plastic 
type. Specifically, PP-derived products exhibit the 
most significant influence on the formation of con
densed phase species, resulting in higher particle- 
phase fractions upon cooling and dilution. PS- and 
PE-derived products exhibit a moderate effect, with 
lower particle-phase formation compared to PP. PVC- 
derived products have the least impact on the gas– 
particle partitioning of the emission plume, reflecting 
their lower tendency to condense into the particle 
phase. These results underscore the importance of 
plastic type in determining the atmospheric behavior 
of mixed WUI fire emissions.

Viscosity estimates of mixed emission particles. 
The explicit data on the particle-phase composition 
obtained from our measurements also enables the pre
diction of glass transition temperatures (Tg) and, sub
sequently, the viscosity of particle-phase dry mixtures 
at various T and CtOM conditions. Details of the vis
cosity estimates for single-emission-source aerosols 
are provided in Supplemental Note 5. To extend these 

calculations to mixed emissions composed of N sour
ces, the combined Tg of the mixture can be estimated 
using a weighted average approach:

Tg, mix ¼
X

N
xNTN

g

� �
(10) 

where TN
g is the class transition temperature of the 

particle-phase mixture derived from source N, and 
xN (RxN¼1) is its mass fraction in the composite 
mixture.

The viscosity of this composite mixture can then be 
calculated under varying relative humidity (RH) con
ditions. Mixtures of plastic thermal decomposition 
products are predicted to exhibit a wide range of vis
cosities depending on the plastic type, as illustrated in 
Figure S13. Emissions of PE- and PP-derived products 
are estimated to form particles with substantially 
higher viscosity than BBOA (Figure S14), whereas PS- 
and PVC-derived products are predicted to form par
ticles with relatively lower viscosity comparable to 
that of BBOA. The approach presented in this study 
enables estimation of viscosity for particle-phase mix
tures containing composite products, such as those 
formed from combined BBOA and plastic thermal 
decomposition products. Figure 8 illustrates the pre
dicted viscosities of such mixtures as a function of 
RH, assuming a hygroscopicity parameter (j) of 0.1, 
representative of BBOA-like materials (Petters and 

Figure 7. Particle-phase fractions of mixed emissions composed of BBOA and thermal decomposition products derived from four 
plastic types (PP, PE, PS, and PVC) at mixing ratios of 0% (all BBOA), 10%, 25%, and 50%. Calculations are performed for T and 
CtOM conditions corresponding to trajectory points 1–9, as depicted in Figure 6, illustrating an example of emissions evolution 
through cooling (points 1–5) and dilution (points 5–9) as the plume disperses from the source.
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Kreidenweis 2007). Additional viscosity plots contain
ing estimates using j values of 0.02 and 0.05 are pro
vided in Figures S15 and S16. These viscosity values 
can also be determined for mixtures at different tem
peratures, as shown in Figure S17. Mixtures contain
ing PP- and PE-derived products are predicted to 
substantially increase the viscosity of the aerosol par
ticles, whereas PS- and PVC-derived products may 
reduce viscosity when mixed with BBOA. For 
example, PP-derived products contribute to a 100-fold 
increase in viscosity at a 50% mixing ratio and 0% 
RH, shifting the particle phase from semi-solid to 
solid (DeRieux et al. 2018). In contrast, a 50% contri
bution of PS-derived products under the same condi
tions reduces the viscosity of the composite particles 
from 1011 Pa�s to 107 Pa�s, significantly increasing the 
permeability of the particles. Interestingly, although 
PE- and PS-derived products have comparable effects 
on gas-particle partitioning in their corresponding 
composite mixtures (Figure 7), they produce opposite 
viscosity trends. The addition of PE products increases 
the viscosity of the composite mixture, while the add
ition of PS products decreases the viscosity when 
mixed with BBOA. This effect is attributed to signifi
cant differences in the molecular metrics of PE- and 

PS-derived products, such as their oxygen content and 
aromaticity (Figure S2-S4). The ability to predict vis
cosity is critical, as it governs internal mixing times, 
diffusion rates, and chemical reactivity in the atmos
phere. These findings underscore the strong influence 
of plastic type on aerosol phase behavior and highlight 
the importance of this methodology for evaluating the 
environmental implications of WUI fire emissions 
containing plastic materials.

Conclusions and outlook

The approach presented in this study provides a 
quantitative framework for estimating both gas- 
particle partitioning and viscosity of atmospheric 
particles representative of WUI fire emissions. By 
integrating TPD-DART-HRMS experimental datasets 
describing the molecular composition of thermal 
decomposition products of representative plastic with 
the VBS method, this approach enables practical 
evaluation of mixed emission properties, offering criti
cal input for environmental modeling of aerosol 
behavior. This framework is particularly useful for 
predicting WUI fire emissions, where aerosol compos
ition and phase distribution are influenced by a wide 

Figure 8. Viscosity of composite particles composed of BBOA and thermal decomposition products derived from four plastic types 
(PP, PE, PS, and PVC) at mixing ratios of 0% (all BBOA), 10%, 25%, 50%, and 100% (all plastic-derived products). Viscosity values 
at dry conditions (0% RH) were calculated under conditions of CtOM ¼100 lg/m3 and 25 �C. Humidity-dependent values were cal
culated assuming a hygroscopicity parameter j¼ 0.1. Additional plots, assuming lower j values of 0.05 and 0.02, are provided in 
Figures S15 and S16.
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range of factors, including fuel heterogeneity, combus
tion conditions, and atmospheric variability. All esti
mates reported in this work utilized the limit II of the 
DH� versus log(C�298K) correlation (Ranjan et al. 
2012). Alternative values calculated using the limit I 
correlation are provided in Supplementary Note 6 and 
Figures S18–S20, indicating similar qualitative trends. 
The real-world volatility characteristics of plastic ther
mal decomposition mixtures require further investiga
tion to more accurately constrain the gas-particle 
partitioning behavior of mixed aerosol emissions. It is 
likely that additional chemical and physical processes, 
such as multi-phase reactions between species from 
different sources, combustion dynamics in large-scale 
fires, and variable environmental conditions, influence 
both gas-particle partitioning and aerosol viscosity in 
ways not captured by the presented numerical frame
work. Consequently, future work is needed to validate 
and refine these estimates through direct experimental 
measurements of volatility and phase behavior of 
ambient WUI aerosol mixtures. The numerical estima
tion approach presented here offers a scalable solution 
to the inherent complexity of WUI aerosol mixtures, 
especially those involving plastic thermal decompos
ition products, which vary significantly with polymer 
type and heating conditions (Bockhorn et al. 1999; 
Wu et al. 2021). Direct experimental characterization 
of all possible emission combinations is impractical, 
making this modeling approach a valuable alternative. 
In addition to predicting gas–particle partitioning, this 
methodology allows estimation of aerosol viscosity 
and particle-phase mixing times, which are essential 
for assessing the chemical reactivity and transform
ation of WUI-derived aerosols. These properties dir
ectly impact key atmospheric processes such as 
chemical aging, secondary organic aerosol formation, 
and cloud condensation or ice nucleation activity. As 
such, the framework developed in this work provides 
a practical tool for advancing our understanding of 
the environmental and air quality impacts of complex 
WUI fire emissions.

These estimates can be directly applied to improve 
environmental modeling of multi-component emis
sions from WUI fires. Additionally, the TPD-DART- 
HRMS-derived volatility estimates are adaptable to a 
wide range of emission sources. For example, volatility 
characteristics of biogenic secondary organic aerosols 
(West et al. 2023; Xie et al. 2024b) can be combined 
with those of plastic thermal decomposition products 
or BBOA to model gas-particle partitioning in other 
mixed emission scenarios. This approach can also be 
extended to other aerosol types, including 

anthropogenic urban emissions (Xie et al. 2025b). 
Moreover, the method is well-suited for evaluating a 
broader range of emissions relevant to degradation 
products from other plastic materials, including waste, 
aged, and recycled plastics, enabling investigation into 
how contamination and environmental aging alter the 
chemical composition and gas–particle partitioning 
behavior of their thermal decomposition products.
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