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Abstract. Fireworks are a well-known source of barium (Ba) in the atmosphere, yet the aging of firework-derived Ba-
containing particles remain poorly understood. Combining online measurements of Ba mass concentrations with single-particle
aerosol mass spectrometry (SPAMS) at four sites in Guangzhou, China, we found that firework events raised atmospheric Ba
concentrations to levels 1—3 orders of magnitude above background. Peak Ba concentrations varied substantially among sites.
Despite its substantially higher population density, the urban-core site under a complete firework ban exhibited a lower peak
Ba concentration than a suburban site with time- and location-restricted firework use. This contrast was consistent with a
potential mitigating influence of stricter controls, although site-specific emissions and transport may also have contributed.
Among the identified particle classes, chloride-rich OCIN particles and nitrate-dominated N particles were interpreted as
relatively early and more advanced stages of atmospheric aging, respectively. Al/Mg-containing components, were more
prevalent in OCIN particles than in N particles, consistent with physical mixing during early aging, while several-hour lags
between OCIN and N peaks and between NO: and particulate NOs~ suggested secondary nitrate formation, although primary
nitrate emissions from fireworks could not be excluded. These findings provide insights into the rapid aging mechanisms of
firework-derived Ba particles and highlight the need to consider differentiated firework-control measures alongside site-
specific emission and transport conditions when interpreting spatial pollution contrasts. Screening-level hazard quotients (HQs)
based on an oral reference dose (RfD) surrogate were below 1, but short-duration Ba concentration peaks warrant further

evaluation of their potential inhalation-related health implications using inhalation-specific toxicity benchmarks.
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1 Introduction

Barium (Ba) is a potentially toxic element whose health effects depend strongly on its chemical form (Kaur and Parkash, 2022;
Sharma and Thakur, 2025). In the atmosphere, Ba originates from both natural sources (e.g., mineral dust, volcanic emissions)
and anthropogenic activities (Inomata et al., 2009). Among anthropogenic sources, fireworks represent a major episodic
contributor during global celebrations such as New Year's Eve, Diwali, and the Chinese Spring Festival (Hu et al., 2015; Kong
etal., 2015; Lee et al., 2023). During these events, fireworks can contribute up to 87% of ambient Ba, leading to concentrations
several to thousands of times higher than background levels (Hu et al., 2015; Huang et al., 2024; Kulshrestha et al., 2004;
Salma et al., 2023; Tanda et al.,2019; Wang et al.,2024). This pronounced transient signal makes Ba an effective tracer for
firework-derived pollution (Wang et al., 2024), providing a unique opportunity to study the atmospheric processing of metal-
containing aerosols.

Fireworks are complex pyrotechnic mixtures containing oxidizers (e.g., KC103, KC1O4, Ba(NO3),), fuels (e.g., sulfur, charcoal,
aluminum), and colorants that produce specific metal emissions (Webster, 1985). For green fireworks, Ba compounds such as
BaCl,, Ba(NOs3),, and Ba(ClO3), are commonly used as colorants, with BaCl, being the most widely employed due to its
intense green emission and favorable combustion properties (Li et al., 2013; Wang et al., 2007). Upon ignition, these Ba salts
are rapidly vaporized and subsequently condense to form primary particles, which are initially enriched in chlorine (e.g., BaCly)
or, depending on the formulation, in nitrate or perchlorate (Wang et al., 2007).

Despite the well-documented surge in Ba concentrations during firework events, the chemical speciation of ambient Ba-
containing particles remains poorly understood and debated (Li et al., 2013; Wang et al., 2007; Webster et al., 1985). While
fresh firework emissions are typically chlorine-rich (e.g., BaCly), field observations often report aged particles enriched in
sulfur rather than chlorine, suggesting atmospheric transformation during transport (Li et al., 2013; Wang et al., 2007). For
firework-generated particles (e.g., potassium-containing), both sulfation and nitration have been observed during aging (Wang
et al., 2024). However, whether analogous transformations occur for Ba-containing particles remains largely unexplored. In
this study, we investigate the aging mechanisms of firework-generated Ba aerosols from a single-particle perspective, with a
focus on nitrate-mediated pathways.

The environmental and health impacts of firework-derived Ba are fundamentally governed by its chemical speciation (Inomata
et al., 2009). Soluble forms such as BaCl, and Ba(NO3); are highly bioavailable and pose acute toxicity risks upon inhalation
(Kaur and Parkash, 2022), whereas insoluble species like BaSO4 exhibit low chemical toxicity but contribute to long-range
transport as fine suspended particles (Inomata et al., 2009; Sharma and Thakur, 2025). Given that atmospheric aging processes,
including heterogeneous reactions, gas-to-particle conversion, and physical coagulation, can fundamentally alter the chemical
speciation of aerosol particles (Zhang et al., 2015), understanding how these processes apply to Ba-containing particles is
essential for predicting their environmental fate and health impacts. For metal-containing particles, aging can involve the

uptake of acidic gases such as NOz and HNOs, leading to the formation of nitrates on particle surfaces (Liu et al., 2017; Peng
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etal., 2021).

To address these knowledge gaps, we conducted continuous online monitoring of aerosols in Guangzhou, China, over a one-
month period spanning the Chinese Spring Festival and Lantern Festival of 2024, using online Ba mass concentrations
measurements and single-particle aerosol mass spectrometry (SPAMS). This approach allows us to obtain high temporal
resolution data on the chemical composition and size distribution of Ba-containing particles at the single-particle level, as well
as mass concentrations of Ba in PM.s. Leveraging these high-resolution measurements, we systematically investigated the
variations of Ba aerosols in relation to firework events, elucidated the aging mechanisms of Ba-containing particles in the
ambient atmosphere, and provided a preliminary assessment of their potential health implications based on mass concentration
data. This study contributes to a more comprehensive understanding of the atmospheric fate of firework-derived metal aerosols
and their potential health implications, with relevance to air quality management and public health policy in regions where
fireworks are traditionally used.

2 Field measurements

2.1 Sampling sites and period

This study was conducted in Guangzhou, China, from 1 to 29 February, 2024, covering the key periods of legal fireworks use
during the Chinese Spring Festival (9—10 February) and Lantern Festival (24 February). Fireworks management followed the
tiered control policy of the Guangzhou Fireworks and Firecrackers Safety Management Regulation, which designates central
urban districts as prohibited zones and peripheral districts as restricted zones where fireworks are permitted only during
specified periods (Guangzhou Municipal People's Government, 2021).

Four monitoring sites were established across Guangzhou: Conghua Liangkou (CHLK; 23.74° N, 113.78° E), a sparsely
populated area serving as an urban background site; Gongyuangian (GYQ; 23.13° N, 113.25° E) in Yuexiu District, a prohibited
zone in the central urban area; and Panyu University City (PYDXC; 23.05° N, 113.39° E) and Nansha Puzhou (NSPZ; 22.77°
N, 113.60° E) in restricted zones of Panyu and Nansha districts, respectively. Although both PYDXC and NSPZ are located in
restricted firework zones, their regulatory policies differ. In Panyu, fireworks are permitted only in four designated towns
(Shiqi, Xinshao, Hualong, and Shilou) during the Spring Festival and Lantern Festival periods. In contrast, Nansha permits
fireworks in all areas outside its prohibited zones, with a longer permitted time window covering the Spring Festival and

Lantern Festival holidays.

2.2 Data analysis and presentation strategy

Hourly concentrations of trace metals, including Ba, were measured using an online ambient metal monitor (Xact 6251, Cooper
Environmental) based on energy-dispersive X-ray fluorescence (Twohy et al., 2010). Water-soluble ions (NOs~, SO4>-, NH4",
CI") were quantified by an online ion chromatography system (Metrohm, 6080). Single-particle chemical composition in the

0.1-2.0 pm size range was characterized in real-time by a SPAMS (Hexin Analytical Instrument Co., Ltd., Guangzhou, China).
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The SPAMS system size-focuses particles via an aerodynamic lens, sizes them with two continuous 532 nm Nd:YAG lasers,
and analyzes composition by laser desorption/ionization with a 266 nm pulsed laser, followed by bipolar time-of-flight mass
spectrometry to obtain both positive and negative mass spectra (Li et al., 2011). Meteorological parameters (temperature and
relative humidity) and concentrations of regulated gases (NOa, SO, and O3) and PM; s were obtained at hourly resolution from
monitoring sites co-located with the SPAMS sampling sites. All online instruments underwent regular calibration and quality
assurance checks throughout the campaign. Data were synchronized to Beijing time (UTC+8) and processed as hourly averages
for subsequent analysis. To account for differences in instrument performance across the four sites, particle counts were
regionalized by averaging site-specific fractions and multiplying by the total particle count across all sites. Gaseous pollutants
and compositional fractions were directly averaged across the four sites as arithmetic means. PM 5 data at the CHLK site were
not available during the sampling period and were therefore substituted with data from the nearest background monitoring site,
Conghua Tianhu. The data indicate that it exhibits background characteristics similar to CHLK, and this substitution is not

expected to substantially affect the characterization of PM, s variations at the background site.

2.3 Single-particle data analysis

Single-particle data were processed using MATLAB with the COCO toolkit (v3.0). Across the sites, 71,392—1,347,245
particles with valid bipolar mass spectra were detected, showing a significant correlation between total detected particle counts
and PM> s mass concentrations (» = 0.682—0.767, p < 0.01; Fig. S1 in the Supplement), indicating that the particles detected
in this study are representative of the variation trends of PM2 5. Ba-containing particles were identified by ion signals exceeding
a threshold of >5 counts (>3 times the noise level) at the characteristic mass-to-charge ratio (m/z) of 138 peak ([Ba']), yielding
679-59,010 particles (1.0-4.4% of total). These particles were clustered using the Adaptive Resonance Theory algorithm
(ART-2a) based on spectral similarity in both positive and negative ion modes (Song et al., 1999), with a vigilance factor of
0.75, a learning rate of 0.05, and 20 iterations. Particles were initially grouped into 617 clusters based on both cationic and
anionic composition (Table 1), whose average mass spectra are shown in Fig. S2. These clusters were named according to
their dominant cation and anion signatures (e.g., Ba-N for nitrate-dominated clusters with Ba as the dominant cation, AI-Mg-
N for nitrate-dominated clusters additionally containing Al and Mg). For interpretation of atmospheric processing, these
clusters were then manually consolidated into four major categories: OCIN (rich in oxygen, chloride, and nitrate), N (nitrate-
dominated), NS (nitrate and sulfate internally mixed), and S (sulfate-dominated). Notably, high-molecular-weight organic
matter (HMOC) interference, characterized by dense high-mass ion clusters, was observed at the CHLK site (Fig. S3a). These
particles were separated before classification to ensure robustness. The relative peak area (RPA), defined as the fractional peak
area of each m/z peak relative to the sum of peak areas in the mass spectrum (Healy et al., 2013; Lian et al., 2021), was used
to quantify the relative abundance of chemical species in a particle.

Table 1 A summary of the dates of the SPAMS measurements and the number and number fraction (Nf) of the detected Ba-



125 containing particles over the entire sampling period.

CHLK PYDXC NSPZ
Species Number Nf(%) Number Nf(%) Number Nf(%) Number Nf(%)
All particles?® 585933 71392 332888 1347245
Ba-containing 8422 1.4%° 679 1.0% 6733 2.0% 59010 4.4%
Al-Mg-N 1396 16.6% °© 128 18.9% 2821 41.9% 10197 17.3%
Al-Mg-OCIN 802 9.5% 34 0.5% 5568 9.4%
Al-Mg-ON 33 4.9% 1727 2.9%
Al-Mg-NS 42 0.5% 407 0.7%
Ba-N 958 11.4% 111 16.3% 1345 20.0% 6732 11.4%
Ba-OCIN 31 0.4% 42 6.2% 1276 2.2%
Ba-ON 518 0.9%
Ba-NS 48 0.6% 153 0.3%
K-N 2895 34.4% 247 36.4% 1601 23.8% 19713 33.4%
K-ON 901 1.5%
K-OCIN 216 2.6% 79 11.6% 136 2.0% 1160 2.0%
K-NS 645 7.7% 16 2.4% 156 0.3%
K-S 11 1.6%
K-EC-S 142 1.7%
Mg-N 221 2.6% 1590 2.7%
Mg-OCIN 3465 5.9%
Mg-S 51 0.6%
Cu-N 112 0.2%
Fe-N 122 1.4% 364 5.4% 823 1.4%
Fe-NS 29 0.3% 108 0.2%
Others 824 9.7% 12 1.7% 432 6.4% 4404 7.3%

130

135

aAll particles were detected with both positive and negative spectra. °Nf was calculated through the number of Ba-
containing particles by the number of all particles over the sampling period. °Nf was calculated through the number of

clustered Ba-containing particles by Ba-containing particles over the sampling period.
2.4 Episode definition

The sampling period was segmented into five phases based on pronounced fluctuations in Ba mass concentration, combined
with known firework activity periods, yielding two firework episodes and three background periods: Fireworks Episode I (FI)
from 9 February 17:00 to 19 February 10:00, encompassing the Spring Festival period; Fireworks Episode II (FII) from 25
February 00:00-17:00, corresponding to the Lantern Festival; and three Background periods (BI, BIIL, BIII) characterized by
low and stable Ba concentrations. This segmentation is supported by concurrent enhancements in PMas and established
firework tracers (K*, Cl7; Fig. S4) during firework episodes, establishing a robust framework for comparative analysis of
firework-impacted versus background aerosol conditions. In this study, nighttime hours (19:00-05:00) were defined as the

active firework emission period, and daytime hours (06:00-18:00) as the post-firework aging period.
2.5 Preliminary exposure and risk assessment methodology

To provide a preliminary screening-level assessment of potential health implications from firework-derived Ba based on mass
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concentration data, we estimated a surrogate inhalation dose using the USEPA framework. The average daily exposure dose
(Dinn, mg-kg™'-day ') was calculated as following the USEPA framework adapted from Kong et al. (2015), with period-specific

parameters:

D. = CxInhRxEFXED
inh™ BWXAT

where C is the mean hourly Ba mass concentration during each period (e.g., FI, BI). Inhalation rate (InAR) is 7.6 m3-day™! for
children and 20 m3-day ! for adults. Exposure frequency (EF) is set to the actual duration of each period (e.g., approximately
9 days for FI) for period-specific averaging. Exposure duration (ED) is 1 year for the purpose of period-specific averaging.
Body weight (BW) is 15 kg for children and 70 kg for adults. Averaging time (47) for non-carcinogens is ED X 365 days.
This approach is intended to provide a relative comparison of exposure potential between firework-impacted and background
periods, rather than to estimate the absolute annual exposure risk.
The hazard quotient (HQ) for non-carcinogenic risk was calculated as:

Dy

HQ: %

where RfD is the oral reference dose for Ba (0.2 mg-kg-day ™) established by the U.S. EPA Integrated Risk Information
System (IRIS, 2006). HO < 1 indicates low or acceptable risk, while HQO > 1 suggests potential non-carcinogenic health effects.
As no inhalation reference concentration (RfC) is available for Ba, RfD was used as a surrogate. We acknowledge that this
substitution may introduce uncertainty regarding inhalation-specific bioavailability.

3 Results and discussion

3.1 Physicochemical characteristics and spatial distribution of Ba-containing particles

3.1.1 Temporal variations of Ba mass concentration and Ba-containing particle counts

Based on comprehensive observations from the four sites, fireworks were identified as the dominant aerosol source during the
study period. During F1, Ba mass concentrations increased by 17- to 40-fold, while K* (9- to 23-fold), CI~ (2- to 3-fold), and
heavy metals such as Cu (2- to 14-fold) and Pb (2- to 3-fold) also rose simultaneously (Table 2, Figs. 1 and S4). PM> s
increased by 2- to 3-fold, while secondary inorganic ions (SO4>~ and NOj3~) showed smaller increases (1- to 3-fold), indicating
active atmospheric aging (Peng et al., 2021). Notably, secondary inorganic ions and PMs during FII were lower than
background levels (FII/BII < 1). The overall enhancements during FII were substantially smaller than those during FI, reflecting
the brief duration of the Lantern Festival firework event rather than suppressed secondary formation. Therefore, the subsequent

analysis focused primarily on FI, where the firework signals were most pronounced.
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Figure 1. Temporal variations and size distributions of particulate matter. (a) Time series of PM» s mass concentration, Ba mass
concentration, and Ba-containing particle counts at the four sites (firework periods shaded), respectively. (b) Diurnal patterns
of PM» 5 mass concentration, Ba mass concentration and Ba-containing particle counts at the four sites during firework periods
(red) and background periods (black). (c) Upper panel: particle size distributions of Ba-containing particles (plotted as
dN Ba/dlogD); lower panel: comparison of total Ba-containing particle counts in the 0.5-1.0 pum size range between
background and firework periods.

During the period when fireworks were permitted, air quality deteriorated sharply over a short timescale. Ba mass
concentrations and Ba-containing particle counts exceeded background levels by approximately two orders of magnitude, with
hourly peaks up to 1000-fold. This magnitude is comparable to that of severe firework events reported globally, such as Diwali
celebrations in India (Kulshrestha et al., 2004; Tanda et al., 2019; Wang et al., 2007). These enhancements are substantially
greater than the 4.5- to 40-fold increases documented in regions with stricter controls, consistent with findings by Huang et al.
(2024).

Diurnal variations showed PMz s mass concentration, Ba mass concentration, and Ba-containing particle counts rising sharply
from evening, peaking at night (20:00-02:00) at levels more than an order of magnitude above background, then dropping
rapidly in early morning (Fig. 1b). This pattern is directly linked to nighttime fireworks practices. Particle size analysis
revealed significant increases in the 0.1-2.0 um range (Fig. 1¢). In the 0.5-1.0 um fraction, Ba-containing particle counts
surged from 2,193 during background to 24,624 during firework periods, underscoring the strong particle-generating capacity
of fireworks in this size range. This pronounced increase in the 0.5-1.0 pm accumulation mode is consistent with previous

findings that more than 80% of firework-generated metals, including Ba, are concentrated in the submicrometric region (<1
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pm) (Crespo et al., 2012). A 6.7-fold increase in particle number concentration in the 0.5—1.0 um range during Milan fireworks
has been reported (Vecchi et al., 2008), which is lower than the 11.2-fold increase observed here, suggesting particularly intense

firework emissions in this study.

3.1.2 Spatial heterogeneity across policy zones

The observed urban—rural gradient appears to be associated with regulatory measures and human activity intensity rather than
simple downwind dispersion, and both PM> s and Ba peak mass concentrations exhibited similar spatial patterns (Fig. 2). The
highest concentration (PM> s: 89 pg m=; Ba: 3,411 ng m=) occurred at PYDXC, a restricted-fireworks suburban area with high
population density (5,327 people km%; Guangzhou Statistical Yearbook, 2023). In contrast, the urban core site (GYQ), despite
higher population density (28,400 people km™, 2023 data), exhibited lower peak concentrations. Concentrations at suburban
NSPZ were slightly lower than the urban core, while the rural background site (CHLK) showed the lowest levels. This pattern
suggests that regulatory policy (ban vs. restriction) is consistent with a possible influence on spatial heterogeneity of peak
pollution during episodic events, although other factors such as local firework activity, enforcement intensity, meteorological
conditions, atmospheric transport, and proximity to emission sources may also contribute (Kong et al., 2015). Thus, our
interpretation should be considered preliminary and warrants verification with additional data (e.g., enforcement records and

wind field analysis).
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Figure 2. Spatial heterogeneity of firework-derived particulate matter pollution. (a) Peak PM> 5 and Ba mass concentrations at
the four sites, respectively. (b) Map of the study area, where the bubble size represents the peak Ba mass concentration at each

site. Basemap: Bing Satellite, processed with Meteolnfo. © Microsoft.
3.2 Mixing state and identification of early-aged and more aged particle types
205 3.2.1 Mixing state and chemical characteristics of Ba-containing particles
Fig. 3a presents the mass spectra of two representative single particles, OCIN and N, which exhibited the most distinct
chemical fingerprints among the four categories identified in Section 2.3. These two types were selected to illustrate the

contrasting chemical features between particles with different mixing states, while the average mass spectra of the remaining

types (NS and S) are provided in Fig. S3b. The OCIN particles are characterized by intense Ba* [m/z 138] and BaO" [m/z 156]
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signals in the positive ion spectrum, along with prominent Cl~ [m/z —35], O~ [m/z —16], and NO3~ [m/z —62] peaks in the
negative ion spectrum. In contrast, the N type particles exhibit a pronounced increase in the relative peak area of NOs~ [m/z —
62], while the Cl™ signal remains relatively unchanged. To quantify the distribution of these chemical types across the entire
aerosol population, we examined the mixing states of all detected Ba-containing particles at the four sites during FI (Fig. 3b).
The majority were internally mixed with nitrate (N type, 62.4%), followed by particles mixed with both chloride and nitrate
(OCIN type, 13.8%), and those containing sulfate (NS and S types combined, 13.6%). Particles with other mixing states
accounted for the remaining 10.2%. The temporal evolution of these particle types further reveals the aging process (Fig. 3c¢).
During the early phase of FI, OCIN particles were more abundant with clear diurnal variations, while later periods saw
increased proportions of aged types (N and NS). This shift provides additional evidence for progressive atmospheric aging of

firework-derived aerosols.
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Figure 3. Chemical characteristics of Ba-containing particles during FI. (a) Mass spectra of early-aged (Ba-OCIN) and more
aged (Ba-N) particle types. (b) Average abundances of the 21 particle subtypes at the four sites (bar chart) and their reclassified
fractional composition into four major groups (OCIN, N, NS, S) (pie chart). (¢c) Temporal variations of the four main particle

types (stacked bars, left axis) and Ba mass concentration (line, right axis) at the four sites.

3.2.2 Evidence for early-aged and more aged particle types and their physical mixing

Multiple lines of evidence suggest that OCIN particles are relatively early-aged compared to N particles, which appear more
nitrate-rich and processed. OCIN particles are distinguished by enriched chloride (mean RPA of 3*CI-> 0.05, Fig. S2). Although
barium chlorate [Ba(ClOs):] is used as a green colorant, it decomposes above 250 °C and is unlikely to be emitted as such. The
observed CI~ enrichment, together with ubiquitous K*[m/z 39] (Fig. 3a), indicates OCIN particles exist as chlorides (e.g., BaCl2)
rather than chlorate. In contrast, N particles are dominated by nitrate (Fig. 3a), with the combined RPA of NO3~ and NO>~
accounting for about 70% of the total negative ion signal (Fig. S2). This nitrate dominance reflects atmospheric oxidative
processing, consistent with previous studies (Xue et al., 2014; Zhang et al., 2015). During the transition from firework to post-
firework hours, aging was evidenced by a decrease in both the number fraction of Cl-containing particles (from 24% to 21%)
and the RPA of Cl™ (from 0.059 to 0.040), accompanied by an increase in nitrate RPA (from 0.355 to 0.415) (Huang et al.,
2024).

Time series analysis revealed an inverse relationship between OCIN and N particles during periods of intense emissions (r =
—0.709, p < 0.01; Fig. S5a), consistent with reported aging timescales of firework aerosols (Carrico et al., 2018; Reyes-Villegas
et al., 2018). Size distributions show that N particles are preferentially found in smaller sizes compared to OCIN (Figs. S5b
and S6), consistent with the interpretation that chloride-to-nitrate conversion may be accompanied by an increase in particle
density, as suggested in previous studies (Liu et al., 2017; Wang et al., 2013). Beyond chemical differences, aging also involves
physical coagulation with Al- and Mg-containing particles. Al-Mg particles mixed preferentially with OCIN (60-80%) over N
particles (20—40%) throughout the study period (Fig. SS5c¢). These single-particle observations complement bulk studies (Kong
et al., 2015) by directly observing physical coagulation as an additional aging pathway alongside chemical transformation.

To further examine the spatial evolution of the aging process, we compared the OCIN/N particle number ratios across the four
sites during FI (Fig. S7a). The highest mean OCIN/N particle number ratios were observed at NSPZ (Fig. S7a), particularly
during nighttime hours (Fig. S7b), consistent with its proximity to active firework emission zones. At GYQ and CHLK, the
OCIN/N ratios were lower than at NSPZ, suggesting progressive aging of Ba-containing particles during atmospheric transport.
Notably, PYDXC, despite being a restricted-firework zone with a moderate Ba-containing particle fraction (2.2%, Table 1)
and the highest NO, enhancements among all sites (Table 2), exhibited unexpectedly low OCIN/N ratios. This may reflect
rapid aging driven by locally elevated NO- levels, which could accelerate chloride-to-nitrate conversion, or differences in

firework composition and local chemical conditions compared to NSPZ. These site-specific patterns, together with the diurnal

11
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variations of OCIN/N ratios at NSPZ (Fig. S7b), provide complementary evidence for the proposed aging pathway and

highlight the role of local chemical environments in modulating the aging process. Wind-direction analysis also supported

these site-specific patterns, with higher OCIN/N ratios at PYDXC corresponding to the direction of restricted firework zones,

and at NSPZ predominantly from the north and northwest, consistent with its geographical setting (Fig. S8). Backward

trajectory analysis further showed that, at all four sites, OCIN/N high values were predominantly associated with short-range

air masses, suggesting local or nearby sources rather than long-range transport (Fig. S9).

Table 2 The average values and standard deviations of PM2.5, meteorological parameters, and the main water-soluble inorganic

ions and heavy metals related to firework emissions at the four sites during different pollution periods.

Parameter Site BI FI BII FII BIII FI/BI FII/BII
(Unit) Mean + SD (Fold) (Fold)
CHLK 112467 21.6+8.0 135'791 79453 1‘;561 1.9 0.6
GYQ  133+67 322154 153.1; 119428 119(')44i 24 0.7
PMas (ugm?)  pypx
100456 277+169 40EF  g4447 1732 238 0.7
c 3.9 103
NSPZ 110462  25.6+12.1 1‘; lli 120+46 1%8; 23 0.9
CHLK 25420 8464918 ‘;?f 2574602 22+13 338 6.1
185.6 + 9.4+
3 GYQ  45+66 0 s 301364 4776 409 32
Ba(ngm™)  pypx 5304 308.5 + 25.1+ 1441+ 270 173 o5
c 25 6235 80.0 2264 263 : :
NSPZ 48462 137'5:207' 894351 4234532 71162': 28.9 48
CHLK 01401 1310 02401 05405 02+0.1 9.4 3.1
GYQ 0.1+0.1 1.6+£23 0.1+0.1 02+0.2 0.1+0.1 23.2 1.5
K*(ugm3) PYDX
. 02401  25+29 02402 09409  03+0.1 14.6 45
NSPZ 02401 19422 02402 10409 04+02 112 47
0.07 = 0.09 = 0.10+
cuLk  O0TE omi=o0s O0E o07x002 Ol 15 0.8
GYQ 0303  07+12 02201 02+01 0404 2.6 0.9
Cl (uigm™)  pypx
. 03+03 1015 03402 05+06 04+05 3.0 1.9
NSPZ 04403  09+1.0  03£02 07405  0.7%06 23 22
CHLK 17420 2574238 18=41 7.0+123 21420 147 3.9
GYQ  43£32 538+722 50+86 102482 59+47 125 2.0
Cu(ngm?) PYDX 1172+ 197.4 + 59.9+ 100.5 + 61.8+ 17 L7
C 59.5 209.7 28.1 66.8 12,6 : :
NSPZ  4.1+44 488+664  SO0F 313435 1212 11.9 3.6
15.6 8.4
CHLK 32458 58449 14438 10412 15'19; 18 0.7
Pb (ng m™) 103 +
GYQ 41435 1164121 48+46 93+28 - 2.8 1.9
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PYDX 16.1+

10.5+£6.5 328+345 92+74 159+122 3.1 1.7
C 10.8
4.1+
NSPZ 20+24 7.4+8.2 214 46+2.6 6.9+5.1 3.7 1.1
CHLK 1.0+0.8 14+1.1 0.8+04 0.9+0.5 1.4+1.0 1.5 1.1
GYQ 344+£23 40+1.8 25+0.6 2.6+0.5 37+£23 1.2 1.0
SO (ugm™=) PYDX
c 28+£22 3.6+1.5 1.9+£0.7 1.7+0.5 32423 1.3 09
NSPZ 32422 43+26 21+1.2 2.1+£0.5 43+34 1.3 1.0
CHLK 1.6+1.2 42+1.6 40+3.5 14+1.0 20+1.8 2.6 04
GYQ 20+1.0 48+1.5 46+23 3.1+1.0 34+1.9 2.4 0.7
NOs; (ugm=>) PYDX
c 1.9+1.0 51£22 38+1.8 23+1.6 27+1.7 2.7 0.6
NSPZ 1.9+0.9 50+£2.0 40+24 3.7+0.9 30+1.9 2.6 0.9
CHLK 6.4+35 32+1.1 52+1.7 44+0.7 6.6+2.6 0.5 0.9
27.0+ 19.8 £ 273+
GYQ 122 23.4+12.9 59 18.1 +£3.1 6.9 0.9 0.9
SO: (ugm?) PYDX 24.0 + 17.1 + 26.1 +
c 14.0 13.9+7.9 6.6 134+39 102 0.6 0.8
28.4 + 23.6+ 309 +
NSPZ 16.8 17.0+£9.2 13 16.7+4.5 12.4 0.6 0.7
CHLK 57+0.6 5.6+0.7 6.1+0.5 5.3+0.6 5.6+0.7 1.0 0.9
GYQ 41+04 55+0.9 5.0+£0.5 41+03 46+0.5 1.3 0.8
NO: (ngm™) PYDX
c 54+1.4 87+1.8 41+1.2 59+0.3 6.3+0.5 1.6 1.5
NSPZ 43+1.0 51+1.1 48+1.0 42+04 54+1.1 1.2 0.9

CHLK: Conghua Liangkou (background site); GYQ: Gongyuangian (urban prohibited zone); PYDXC: Panyu University
City (restricted zone); NSPZ: Nansha Puzhou (restricted zone). The fold change (F/B) is calculated as the ratio of the
average concentration during a fireworks episode to that in the preceding background period. PM> s data at the CHLK
site were not available during the sampling period and were substituted with data from the nearest background monitoring
site, Conghua Tianhu, which exhibits background characteristics similar to CHLK.

It should be acknowledged that the classification of OCIN and N particles as early-aged and more aged states is based on
observed chemical evolution in ambient aerosols, rather than on direct near-source sampling of fresh firework emissions.
Without such reference measurements, we cannot definitively characterize the initial emission state of Ba-containing particles.
Nevertheless, the consistent temporal patterns support the interpretation that OCIN particles represent a less advanced stage of

aging compared to N particles.

3.3 Chemical transformation and aging mechanisms

3.3.1 Chemical transformation from chloride to nitrate

Synthesizing the evidence presented above, we propose that firework-derived Ba-containing particles undergo distinct aging
pathways in the atmosphere. Fresh primary Ba-containing particles were not directly sampled; therefore, OCIN and N are

interpreted only as relatively early-aged and more-aged ambient states, respectively. The 9-10 hours lag between OCIN and N

particle peaks (At1), together with the 2—4 hours lag between gaseous NO: and particulate nitrate peaks (At>) (Fig. 4a), points
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to nitrate formation as an important aging pathway.
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Figure 4. Nighttime aging and size-dependent nitrate formation during FI. (a) Time series of Os, NO2, and N particles counts
(weighted regional averages from GYQ, PYDXC, and NSPZ) during two high-intensity firework days. (b) NOs/(NOs+Cl")
ratio (left) and mean nitrate peak area (right) by particle size at restricted (PYDXC, NSPZ) and prohibited sites (GYQ). (¢)
NOs/(NOs+Cl") ratio by particle size at NSPZ. (d) Number fraction(Nf) of N particles among Ba-containing particles by
particle size at GYQ, PYDXC, and NSPZ, respectively.

This conversion proceeds through distinct chemical stages captured by the compositional characteristics of Ba-OCIN and Ba-
N particles, subsets of OCIN and N that are rich in Ba with minimal interference from Al and Mg, enabling direct investigation
of Ba-associated chemical transformations. In Ba-OCIN representing a partially aged state, peak areas of chloride show a slight
increase with peak areas of Ba, while nitrate signals decrease markedly (by approximately 43% from the lowest to the highest
Ba interval) (Fig. 5a). The C1/(C1+NOs") ratio increases with Ba at lower intervals but exhibits a slight decrease at the highest
Ba interval. This dominance of chloride across most Ba ranges, together with the inverse relationship between nitrate and
particle mass, indicates that Ba-OCIN particles are consistent with chloride-rich Ba-containing particles, with nitrate present

as a minor component likely acquired during initial aging. The higher relative proportion of large peak areas in Ba-OCIN
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particles (Fig. S10) further supports their less aged nature compared to Ba-N particles.
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Figure 5. Box plots of Cl™ peak area, NOs™ peak area, and (a) CI/(C17+NOs") or (b) NOs/(CI™+NOs") ratio across Ba peak area
bins for Ba-OCIN and Ba-N particles, respectively, at the NSPZ site during FI.

In contrast, Ba-N particles exhibit a distinctly different compositional pattern (Fig. 5b). Both chloride and nitrate peak areas
increase with those of Ba, with nitrate showing a particularly strong increase at lower Ba levels followed by a clear plateau at
higher Ba levels (Ba peak area > 10000). The NO3;7/(CI™+NO;3") ratio remains consistently above 0.9 across all Ba intervals.
This nitrate-dominated composition, with chloride reduced to a minor residual component (<10%), indicates that Ba-N
particles are consistent with nitrate-rich Ba-containing particles. The observed plateau in nitrate peak area with increasing Ba
peak area suggests that nitrate incorporation into Ba-containing aerosols may be limited under the conditions of this study,
reaching a point beyond which further uptake slows. This contrasts with the early-aged Ba-OCIN particles, where nitrate
remains a minor component and does not accumulate with increasing Ba peak area.

It should be noted, however, that fireworks contain nitrate-based oxidizers such as KNO3z and Ba(NOs),, which may directly
emit primary nitrate-containing particles upon combustion (Conkling and Mocella, 2010; Wang et al., 2007). Therefore, the
observed nitrate enrichment in Ba-containing particles cannot be solely attributed to secondary aging processes. Nevertheless,
the diurnal variations of NOs/K*, NOs7/Ba, and C1 /NO;™ mass concentration ratios are consistent with the proposed aging
pathway (Fig. S11). The NOs /K" ratio was consistently higher during daytime than during nighttime, consistent with greater

relative nitrate abundance. Conversely, the CI'/NOs™ ratio was significantly elevated during nighttime, reflecting the direct
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emission of chloride-rich particles from active fireworks. In contrast, the NOs/Ba ratio remained relatively stable throughout
the diurnal cycle, consistent with the relatively stable ratios observed in Ba-N particles (Fig. Sb). These patterns, together with
the temporal lags between OCIN and N particle peaks and between gaseous NO; and particulate NOs3~, suggest that secondary
nitrate formation via chloride-to-nitrate conversion is an important aging pathway, although primary nitrate emissions from
fireworks may also contribute. In our dataset, we cannot fully quantify the relative contributions of these two sources. Future

studies using high-time-resolution tracer analyses are needed to better distinguish them.

3.3.2 Possible aging mechanisms of Ba

Several mechanisms may contribute to the observed nitrate formation. The coexistence of Oz and NO- at night is consistent
with the N2Os hydrolysis pathway, a common nighttime nitrate formation route (Brown et al., 2012; Zhao et al., 2023; Zhao et
al., 2026). However, the moderate humidity (~60%, Fig. S12) during peak firework events suggests additional pathways may
also be involved, such as heterogeneous uptake of HNO; on chlorine-rich particles (Liu et al., 2007; Vlasenko et al., 2006) or
liquid-phase reactions mediated by hygroscopic salts (Cheng et al., 2016). The observed nitrate saturation in Ba-N particles
likely reflects constraints on further nitrate uptake. Possible explanations include surface site limitation (Ravishankara et al.,
1997), thermodynamic equilibrium with gas-phase HNOs (Guo et al., 2017), or phase transitions that limit internal diffusion
(Koop et al., 2011). Distinguishing among these mechanisms will require further investigation using laboratory studies and
thermodynamic modeling.

The aging pathways described above are further modulated by particle size, mixing state, and site-specific conditions. Notably,
the NO3/(NO3+CI") ratio in AI-Mg-OCIN particles decreases with increasing particle size, while in OCIN particles without
Al/Mg, this ratio shows little size dependence (Fig. 4¢). This contrast suggests that the presence of Al and Mg may influence
chloride-to-nitrate conversion efficiency (Li et al., 2023; Reinsch et al., 2010). Spatially, the extent of aging varies considerably
among sites (Figs. 4b and 4d): at PYDXC, the coexistence of early-aged and partially aged particles reflects active local
emissions; at NSPZ, the higher abundance of aged N particles indicated more extensive aging during transport; at background
sites, the dominance of fully processed, nitrate-saturated particles represents the terminal aging state under regional transport
influences (Zhang et al., 2019; Zhang et al., 2022). This spatial gradient provides a complementary perspective to the temporal
evolution captured at individual sites, confirming that chloride-to-nitrate conversion progresses continuously during
atmospheric transport (Denkenberger et al., 2007). These chemical and physical processes are not independent; chemical
transformation alters particle surface properties, facilitating further coagulation, which in turn provides fresh surfaces for
additional heterogeneous reactions. This interplay ultimately governs the atmospheric lifetime and transport potential of

firework-derived Ba aerosols.
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3.4 Preliminary exposure and risk assessment

HQs for Ba were calculated for children and adults based on measured Ba mass concentrations (Table 3). HQ values ranged
from 6.11E-08 to 2.77E-05 for children and from 3.44E-08 to 1.56E-05 for adults across all sites. All HQs were substantially
below 1, indicating values below the threshold of concern under the screening-level assumptions, within the limitations of this
assessment. Spatially, HQ followed the pattern of Ba mass concentrations, with the highest at PYDXC and the lowest at CHLK,
consistent with the pattern of Ba mass concentrations and suggesting that particle concentration is a key determinant of health
risk. Children exhibited higher HQ than adults due to their greater respiratory rate per unit body weight, highlighting the need
to protect sensitive populations (Kong et al., 2012; Samoli et al., 2010). Temporally, HQO during FI was 1-2 orders of magnitude
higher than during background periods, consistent with observations from Shanghai (Liu et al., 2019). Although the long-term
risk is acceptable, this short-term peak exposure may warrant further investigation for potential acute effects, particularly for
individuals with respiratory conditions (Godri et al., 2012).

Table 3 The hazard quotients (HQs) for the four sites during different pollution periods.

Type Site e
BI FI BII FII BIII
CHLK 1.56E-07 5.87E-06 1.46E-07 1.78E-07 6.11E-08
Children GYQ 2.81E-07 1.29E-05 3.26E-07 2.09E-07 1.30E-07
PYDXC 1.44E-06 2.77E-05 8.71E-07 1.00E-06 7.50E-07
NSPZ 3.00E-07 9.54E-06 3.09E-07 2.94E-07 2.11E-07
CHLK 8.81E-08 3.31E-06 8.22E-08 1.01E-07 3.44E-08
Adult GYQ 1.59E-07 7.26E-06 1.84E-07 1.18E-07 7.36E-08
PYDXC 8.10E-07 1.56E-05 4.91E-07 5.64E-07 4.23E-07
NSPZ 1.69E-07 5.38E-06 1.74E-07 1.66E-07 1.19E-07

It should be noted that the HQ estimates presented here are based on period-specific average concentrations and are intended
for relative comparison between firework-impacted and background periods, rather than as a definitive assessment of annual
chronic risk.

Firework exposure is highly episodic, with Ba mass concentrations exhibiting sharp spikes lasting only a few hours during
active firework periods (Fig. 1a). While the chronic HQO based on long-term average concentrations was below 1, the short-
term peak concentrations during these episodes were 1-3 orders of magnitude higher than background levels. A formal acute
HQ was not calculated due to the lack of an established acute reference value for Ba. Nevertheless, the elevated peak
concentrations suggest that transient exposure events may pose a greater concern than the long-term average would indicate,
particularly for children and individuals with pre-existing respiratory or cardiovascular conditions.

Several uncertainties should be considered in interpreting these results. First, the use of an oral RfD as a substitute for an
inhalation reference concentration may not fully capture inhalation-specific bioavailability. Second, the health risk of Ba-

containing particles may depend on their chemical speciation (e.g., BaCl, vs. Ba(NO3)), solubility, and bioavailability, which
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were not directly measured in this study (ATSDR, 2021). These factors represent important uncertainties in this preliminary
screening-level assessment and warrant further investigation. However, this interpretation is qualitative and does not imply a

quantified acute health risk, as no formal acute HQ was calculated.
4. Conclusions and implications

This study provides direct single-particle evidence of rapid atmospheric aging and mixing-state evolution in firework-derived
Ba aerosols within urban environments. During firework episodes, Ba mass concentrations were 1-3 orders of magnitude
above background levels. Chloride-rich OCIN and nitrate-dominated N particles were interpreted as relatively early and more
advanced stages of atmospheric aging, respectively. AI/Mg mixing patterns and several-hour temporal lags provided
complementary evidence for physical mixing during early aging and secondary nitrate formation. Site-level Ba contrasts were
consistent with a potential mitigating influence of stricter controls. Primary nitrate emissions and site-specific emission and
transport conditions may also have contributed to the observed patterns; nevertheless, the convergence of chemical, temporal,
and spatial evidence provides mechanistic insights into the rapid atmospheric aging of firework-derived Ba particles and
highlights the relevance of differentiated firework-control measures when interpreting spatial pollution contrasts.

These findings have several implications. First, the observed aging of firework-derived particles over several hours suggests
that substantial secondary processing can occur within urban airsheds, potentially influencing local air quality before regional
transport. Second, the observed shift toward smaller particle sizes upon chloride-to-nitrate conversion may enhance respiratory
deposition potential. Third, the preferential association of Al-Mg with early-aged particle populations suggests that coagulation
is most active during early aging stages, potentially altering particle hygroscopicity and reactivity. Fourth, although all
screening-level HQ estimates based on an oral RfD surrogate were below 1, peak Ba concentrations during firework events
were 1-3 orders of magnitude above background levels, warranting further assessment of their potential inhalation-related
health implications. Single-particle analysis provides a framework for investigating aging mechanisms of other metal-
containing particles emitted by fireworks. When combined with bulk mass concentration measurements, records of firework
activity and enforcement, and meteorological data, it may also support future assessments of emission-control measures. Future
studies should combine near-source sampling with high-time-resolution tracer measurements to distinguish primary nitrate
emissions from secondary nitrate formation. They should also characterize changes in Ba speciation, solubility, and
bioavailability during atmospheric aging and determine whether similar processes occur in other metal-containing particles

emitted by fireworks.
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