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Chemical interactions within biomass-burning emissions
significantly influence the composition and optical
properties of nanoscale secondary organic aerosols

This study shows how chemical interactions between furan
and styrene (two typical biomass-burning VOCs) influence
the formation and light-absorbing properties of nanoscale
secondary organic aerosol (SOA). The co-oxidation of
styrene and furan yields lower SOA mass and reduced light
absorption, attributed to inhibited formation of nitrophenolic
chromophores and low-volatility dimers. These findings
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aerosol impacts on climate and air quality. k J
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13, 257 and optical properties of nanoscale secondary
organic aerosols

Shan Zhang,?® Kun Li, @*2 Li Xu® and Lin Du @®?

Biomass burning (BB) emits a substantial amount of trace gases, and their atmospheric oxidation makes a
large contribution to secondary organic aerosol (SOA) formation. However, the potential interactive effect
of mixed volatile organic compounds (VOCs) from BB on SOA formation remains largely unknown. Here,
we studied the molecular composition and optical properties of nanoscale SOA formed from the mixture
of two typical VOCs in BB emissions (styrene and furan) with distinct chemical characteristics. The ratio of
furan to styrene was controlled within a range of 0.5-10, based on actual emission ratios. By investigating
SOA variations at the molecular level, we found that the SOA yield and light absorption in the furan-styrene
mixture system were significantly lower than those in the styrene system. The decrease in SOA yield in the
mixture experiments might be explained by changes in the distribution of organic aerosol components.
Specifically, the addition of furan reduced the proportion of low-volatility organic compounds and
Received 18th August 2025, increased the proportion of semi-volatile organic compounds. Tandem mass spectrometry (MS/MS)
Accepted 7th November 2025 analysis indicated that the reduction in light absorption after furan addition could be attributed to the
DOI: 10.1039/d5en00770d suppressed formation of nitrophenolic compounds, since typical chromophores such as CgHsNOs and
CeHsNO4 were only identified in styrene SOA. These findings highlight the complex interactions between

rsc.li/es-nano organic gases in BB emissions and their significant impact on SOA formation and optical properties.

Environmental significance

Chemical interactions among biomass-burning volatile organic compounds (VOCs) play a critical role in shaping the composition and optical properties of
nanoscale secondary organic aerosols (SOA). Our results demonstrate that furan-styrene interactions significantly suppress SOA yield by reducing the
formation of low-volatility compounds, while simultaneously suppressing light absorption through the inhibition of nitrophenolic chromophores. These
nanoscale molecular processes reveal that SOA derived from complex mixtures cannot be simply predicted from single-precursor behavior. By explicitly
identifying the nanoscale pathways responsible for altered SOA composition and light absorption, this study emphasizes the necessity of incorporating
chemical interaction effects into air quality and climate predictions, providing a more accurate assessment of biomass-burning impacts on the
environment.

1. Introduction released from BB undergo complex chemical reactions in the

. . . . o . atmosphere, leading to the formation of secondary organic
Biomass burning (BB), including wildfires, agricultural aerosols (SOA),* which in turn influence the optical

residue Comb‘fsmon’ an.d domeSt.lC heating, is a significant properties of aerosols and contribute to climate change.>®
source of various volatile organic compounds (VOCs) and The concentrations of SOA in BB regions were

. 1 P .
aerosols in the atmosphere.” BB emissions are estimated to .. qoroctimated by early regional air quality models.”"> SOA

account for approximately 90% of the global primary organic ¢ o000 ace regions is highly complex, as the VOC
. . . 2
carbon emissions from all combustion sources.” The VOCs o igsions of BB consist of a diverse mixture of compounds

that can vary significantly depending on the type of fuel and

: : , - the fire characteristics.'® Previous studies have
“Qingdao Key Laboratory for Prevention and Control of Atmospheric Pollution in d . ty f d th | 1 iti
Coastal Cities, Environment Research Institute, Shandong University, Qingdao, predominantly locused on € molecular composition or

266237, China. E-mail: kun.li@sdw.edu.cn optical properties of SOA derived from single precursor
b Junji College, Henan Medical University, Xinxiang, 453003, China compounds such as furan, phenol, aromatic hydrocarbons,
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etc.'’™* These studies provide a foundational understanding
of individual precursor behavior in SOA formation. However,
recent studies have indicated that the mass and yield of SOA
formed from individual precursors may be influenced by the
presence of other VOCs.'*” VOC mixtures from BB may
interact in complex ways, making the process far more
intricate than single precursors. Correspondingly, the
physical and chemical properties of SOA would be quite
different from that formed from a single precursor.

Furan and styrene are two predominant compounds in BB
emissions with distinct chemical characteristics.**>* The
oxidation of styrene or furan has been widely investigated in
previous studies,?* ¢ and SOA formed from the oxidation of
styrene or furan both exhibit significant light-absorbing
capacity. In contrast, little is known about the formation and
optical properties of SOA generated from the oxidation of
furan-styrene mixtures. This limits a more nuanced
understanding of the interactions among multiple VOCs in
biomass-burning emissions.

Smog chambers and oxidation flow reactors (OFRs) are
key laboratory tools for simulating atmospheric oxidation of
VOCs and SOA formation.””*® Smog chambers typically
maintain near-ambient OH levels suitable for simulating
low-to-moderate degrees of oxidation. Some urban
environments exhibit substantially ~ elevated OH
concentrations capable of driving high degrees of oxidation
equivalent to >1 week of photochemical aging.*>*° For this
condition, OFRs are more suitable because they could
provide high-degree-of-oxidation simulations by producing
high concentrations of oxidants. In other words, OFRs are
capable of simulating long photochemical ages, whereas
smog chambers represent short photochemical ages.
Therefore, integrating smog chambers with OFRs becomes
essential to provide oxidation conditions covering low to
high OH environments comprehensively.

Therefore, this study combines a smog chamber and
an OFR to analyze the molecular composition and optical
properties of SOA from furan-styrene mixtures under low
and high degrees of oxidation (over tens of hours and
over a hundred hours, respectively). The concentration
ratio of furan to styrene ([furan]/styrene]) was controlled
in a wide range (0.5-10), reflecting the various emission
ratios from different fuel combustion.'®*"?*3! By
investigating the oxidation pathways, products, and optical
properties of SOA from furan-styrene mixtures, this study
deepens our understanding of SOA formation and impacts
from BB.

18,19

2. Methods

The oxidation experiments were conducted in two different
laboratory settings (smog chamber and OFR), which provide
a comparison between low and high degrees of oxidation for
the furan-styrene mixed system (Fig. S2). The two facilities
and the experiments conducted are described below.
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2.1. Smog chamber experiments

A 1.5 m® chamber made of Teflon was used in this study.
Before each experiment run, particles in the smog chamber
were cleaned to be less than 1 pg m™ by zero air from a zero-
air generator (XHZ2000B, Xianhe).>”** Next, styrene (99.5%,
Alfa Aesar) and furan (99%+, Adamas-beta) were added into
the chamber carried by zero air, followed by the injection of
H,0, to generate sufficient hydroxyl radicals in
photochemical reactions. Subsequently, wet zero air was
introduced into the chamber to adjust relative humidity (RH)
in the chamber to 50 + 3%, and NO (500 ppm, DeYi) was
added into the chamber to create a high NO, condition. After
all the gases were introduced, the chamber was irradiated by
UV lamps (F40BLB, General Electric Company) with a central
wavelength of 340 nm. The reaction time was 110 min for the
separate and mixed experiments of styrene and furan. The
average OH concentration was calculated by the decay of
precursors, as described in section S2. The equivalent
photochemical ages were from 4 h to 20 h. Ammonium
sulfate particles were used to characterize particle wall losses
(section S1).

For the online analysis, the NO, concentration, RH,
temperature (7), and the light absorption and scattering of
aerosol particles were analyzed by NO, analyzer (Model 42i,
Thermo Fisher), RH/T sensor (HM40, Vaisala, Finland), and
photoacoustic extinctiometer (PAX), respectively. The size
distribution of aerosol was measured with a scanning
mobility particle sizer (SMPS), which consists of a differential
mobility analyzer (DMA) (55-L, Grimm, Germany) and a
condensation particle counter (CPC) (5416, Grimm,
Germany). The concentration of styrene and furan were
analyzed by a gas chromatograph (GC, 7890B, Agilent
Technologies, USA) equipped with a DB624 column (30 m x
0.32 mm, 1.8 um film thickness, Agilent Technologies, USA),
and the GC temperature program was ramped from 80 to 200
°C at a rate of 20 °C min™". For the offline analysis, the SOA
particles were collected using Teflon filters. The filters were
cut into half, one half was used for light absorption analysis
by ultraviolet-visible spectroscopy (UV-vis) (P9, Shanghai
Mapada, China), while the other half was used for chemical
composition and light absorption analysis by Ultra-
Performance Liquid Chromatography coupled with a DAD
detector and a Quadrupole Time-of-Flight Mass spectrometer
(UPLC-DAD-Q-TOF-MS) (Bruker Impact HD, Germany). More
details about chemical characterization and data analysis can
be seen in SI.

2.2. OFR experiments

The high-degree-of-oxidation experiments were carried out in
an OFR described previously.>*?* The inner wall surface of
the reactor was coated with Teflon FEP film (0.5 mm
thickness). This Teflon coating has excellent chemical
stability and anti-aging properties and is often used as an
anti-stick coating to reduce wall reactivity.>> The ratio of wet
zero air and dry zero air was adjusted to maintain a stable
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RH (~50%). The O; in the reactor (5 ppm) was produced by
an Oz generator (UV-M2, Beijing Tonglin). Styrene and furan
were introduced into the reactor by flowing zero air through
a vial filled with saturated vapor. At last, the OH radicals were
produced by ozone photolysis in the presence of water vapor
(i.e., O3 + hv (254 nm) — O('D) + 0,, O('D) + H,0O — 20H).
The UV lamp (Analytikjena, 90-0004-01, Ay, = 254 nm) was
located inside a quartz tube in the OFR, and a flow of 10 L
min~" zero air was used to sweep away the heat. To evaluate
the contribution of direct photolysis to SOA formation from
styrene or furan under 254 nm irradiation, we performed
control experiments in which the precursor was continuously
irradiated in the absence of an oxidant. As shown in Fig. S3,
these experiments revealed only minimal particle production
from photolysis alone. In contrast, the introduction of O; (as
a source of OH radicals) resulted in substantial SOA yields.
To create a high NO, condition, pure N,O at a volumetric
flow ratio of 0.2-0.3% was introduced into the flow reactor
(i.e., N,O + O('D) — NO), making 90% of RO, react with NO.
OH concentration was adjusted by tuning the input voltage
of the UV lamp. The OH exposure was calculated according
to CO decay measured by a CO analyzer (Model 48i, Thermo
Fisher) (section S2).

Experimental overviews, including VOC and NO,
concentrations, particle mass concentrations, SOA yields,
temperature, relative humidity, equivalent photochemical
ages, and the real part and the imaginary part of complex
refractive index (measured and predicted value), are
presented in Table S1.

3. Results and discussion
3.1. SOA formation

The variations in mass concentration and SOA yield with
increasing [furan]/[styrene] ratios are shown in Fig. 1 and
Table S1. The mass concentration increased with [furan]/
[styrene] ratios in both the smog chamber and OFR (Fig. 1a).
However, the yield of styrene-furan SOA decreased as the
furan concentration increased (Fig. 1b). It is important to
recognize that the mass concentration will naturally rise
when an additional VOC precursor is introduced into the
system. Since the SOA yield of furan was lower than that of
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styrene, the mixed SOA yield was decreased due to the
dilutive effect. To clarify whether the reduction in mixed SOA
yields is solely attributed to the dilution effect of lower-yield
furan, the predicted SOA yield values were calculated under
the assumption of no chemical effects (calculation method in
section S3) and compared with the measured SOA yield
values. It should be noted that the prediction of SOA yield
must be conducted within similar equivalent photochemical
age ranges for each reaction system. Therefore, the
equivalent photochemical age in the smog chamber was
controlled at approximately 10 hours, while in the OFR, it
was controlled at around 200 hours. It shows that the
measured SOA yields in both the smog chamber and the OFR
were slightly lower than the predicted values (Fig. 1b and
Table S1). This suggests that the reduction in SOA yields in
the mixed system is related to the interaction between furan
and styrene. Additionally, the number concentration of
styrene-furan SOA decreased compared to the styrene-only
system both in the smog chamber and OFR (see Fig. S4 and
S5). This result suggests that the addition of furan may have
suppressed the formation of certain low-volatility
compounds, leading to a decrease in the number
concentration. The relevant mechanisms will be further
discussed in the following sections.

3.2. Molecular composition and volatility changes induced by
styrene-furan interactions

To explore the reason for the decreased SOA number
concentration, yield, and light absorption with the addition
of furan, we compared the SOA composition with and
without furan. As shown in Fig. 2a, 944 compounds were
detected in styrene SOA, while 437 compounds were found in
styrene-furan SOA. In addition to 139 overlapping
compounds, there are 805 unique compounds for styrene
SOA and 298 unique compounds for styrene-furan SOA.
Furthermore, we compared the distinction of these unique
compounds. As we can see in Fig. 2b, the average O/C (0.99)
of unique compounds in styrene-furan SOA is lower than
that (1.18) in styrene SOA in the smog chamber.
Correspondingly, we also compared the unique compounds
in OFR experiments; it is interesting to note that the average

0 2 4 6 8 10 12
[Furan]/[Styrene]

Fig. 1 The variation for mass concentration (a) and SOA yield (with error bar) (b) across different furan-to-styrene concentration ratios in both

smog chamber and OFR experiments.
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Fig. 2 (a) Venn diagram illustrating the overlap and unique compounds between styrene SOA and styrene-furan SOA in the smog chamber. (b)
Van Krevelen diagram depicting the unique compounds formed during styrene and styrene-furan OH oxidation in the smog chamber. The size of
the circles represents the relative intensity.

O/C (0.83) of unique compounds in styrene-furan SOA is  styrene-furan SOA (Fig. 3a). The relative intensity of HOMs in
likewise lower than that (0.91) in styrene SOA under higher  unique styrene-furan SOA is lower than that in styrene SOA
degrees of oxidation (Fig. S6). The lower O/C in styrene-furan  in the smog chamber experiments and approximately
unique SOA indicates a decrease in oxidation state when  comparable in the OFR experiments. In addition, according
adding furan to the reaction system. to the saturation mass concentration (C,) of pure compound,

Furthermore, we classified highly oxygenated molecules = we have divided the SOA components into four groups:
(HOMs) based on the criteria established in previous studies,  intermediate volatile organic compounds (IVOCs: 300 < C, <
defining HOMs as compounds with an O/C ratio greater than 3 x 10° ug m™), semi volatile organic compounds (SVOCs: 0.3
0.6.%° Using this classification, we calculated and visualized < C, < 300 pug m™>), low-volatile organic compounds (LVOCs:
the relative intensity of HOMs in unique styrene SOA and 3 x 10" < C, < 0.3 pug m>), and extremely low-volatile
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Fig. 3 Comparison of unique compounds in styrene OH oxidation and styrene-furan OH oxidation. (a) Relative intensity of highly oxygenated
molecules (HOMs) (sum of observed intensity of all HOMs identified in the unique compound set for each system, normalized to the total
observed intensity of all detected compounds in that sample). (b) Proportional distribution of intermediate volatile organic compounds (IVOCs),
semi volatile organic compounds (SVOCs), low-volatile organic compounds (LVOCs), and extremely low-volatile organic compounds (ELVOCs) in
SOA from styrene OH oxidation (unique compounds). (c) Proportional distribution of IVOCs, SVOCs, LVOCs, and ELVOCs in styrene-furan unique
SOA. (d) Variation in the relative intensity of unique compounds with carbon number in styrene and styrene-furan OH radical oxidation systems.

260 | Environ. Sci.. Nano, 2026, 13, 257-267 This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5en00770d

Published on 13 berfw-Obubuo 2025. Downloaded on 2026/05/14 7:50:31 AM.

Environmental Science: Nano

organic compounds (ELVOCs: C, < 3 x 10 ug m™) (the
detailed calculation method can be seen in section S6).%” It
can be found that the proportion of LVOC + ELVOC from
unique styrene SOA to styrene-furan SOA decreased from
69.6% to 58.19%, and SVOC increased from 19.3% to 25.73%
in the smog chamber (Fig. 3b and c). Similarly, the
proportion of LVOC + ELVOC from unique styrene SOA to
styrene-furan SOA decreased from 66.7% to 61.4%, and
SVOC increased from 5.86% to 13.76% in the OFR (Fig. S7).
From the carbon number distribution (Fig. 3d), we found
that the Cyo-C;, compounds dominate the unique styrene
SOA and styrene-furan SOA, while the relative intensity of
>C;, compounds in styrene is higher than that in styrene-
furan SOA. These results indicate that the addition of furan
favors the formation of low-molecular-weight and more
volatile products, leading to lower SOA yields.

To clarify the dominant LVOC + ELVOC compounds in
styrene-unique SOA and the SVOC compounds in styrene-
furan-unique SOA, we identified some major compounds. As
shown in Table S2 (taking the smog chamber experiments as
an example), representative LVOC and ELVOC compounds in
the styrene-unique SOA predominantly fall within the Co-Cy4
range, similar to the carbon number distribution presented

View Article Online
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in Fig. 3. It was observed that the LVOC compounds in the
Cy—Cy, range of unique styrene SOA are primarily nitro-
substituted compounds, while the >C,, compounds are
mainly dimers resulting from styrene oxidation. We
hypothesize that the addition of furan may inhibit the
formation of nitrogenous compounds and low-volatility
dimers of styrene, thereby reducing SOA formation.
Regarding the higher light absorption observed during
styrene OH oxidation, we proposed that nitrophenols in
styrene SOA play a significant role in light absorption. It has
been identified that CqH;NO;, CcH;NO,, and CqH;NO; were
the primary BrC chromophores formed during styrene OH
oxidation®® (see it in Fig. $8). In addition, these compounds
demonstrate the high light-absorbing properties in previous
studies.*®*" Furthermore, these compounds have been found
to exhibit high light absorption in our previous work.>* These
three C¢ nitrophenols were detected uniquely in the styrene
SOA in this study, but were absent in the styrene-furan SOA.
This suggests that the presence of furan might inhibit their
formation, likely through reactions between furan oxidation
intermediates and styrene intermediates, thereby reducing
the overall light absorption in the styrene-furan SOA. In
contrast, the majority of SVOC and IVOC compounds in the
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Fig. 4 Comparison of light-absorbing properties of SOA formed under varying furan-to-styrene concentration ratios in the smog chamber and
OFR. (a) k values across the 300-700 nm measured by PAX and UV-vis techniques, compared with literature data for styrene/furan oxidation in

previous studies.?42% (b) The zoomed-in view, where the brown-shaded region represents the typical range of BrC as reported previously

38

(zoomed-in view of the light absorption curves for regions with lower k-values was in Fig. S12).
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styrene-furan-unique SOA are CHO species (Table S2), which
are likely formed through reactions between furan
intermediates or between furan and styrene intermediates.

3.3. Optical properties and their link to molecular
composition

The chemical interactions and suppressed formation of
nitrophenolic chromophores in the furan-styrene system
(section 3.2) are manifested in the bulk optical properties of
the SOA. We find that the mixed SOA exhibits significantly
reduced light absorption compared to the prediction based
on single-precursor behavior. As we can see in Fig. 4, the
optical properties of styrene and styrene-furan SOA were
measured using both online and offline technique. Online
measurements via PAX allow for real-time tracking of changes
in aerosol optical properties during oxidation, whereas offline
measurements via UV-vis provide detailed data on light
absorption across a wide range of wavelengths. In the online
analysis (Fig. S9 and S10), the aerosol light absorption/
scattering coefficient increased as the smog chamber reaction
progressed. Additionally, the imaginary part of the complex
refractive index (k) decreased with increasing furan-styrene
ratio in the smog chamber (Fig. 4b), indicating that mixing
with furan reduced the light absorption of SOA. The k values
in the smog chamber were higher than those in the OFR as a
whole. We attribute this behavior to a shift from
functionalization to fragmentation with increasing oxidation
degree, which reduces the light-absorbing capacity at higher
levels of oxidation.>**” For offline analysis using UV-vis, the k
value was derived from the MAC (refer to section S4). A
comparison of the k values at 375 nm obtained via PAX and
UV-vis  spectroscopy (Fig. 4b) demonstrated strong
consistency between the online and offline methods,
confirming the reliability of the results. Additionally, the &
value with increased furan addition in the smog chamber, as
well as the k value observed in the OFR, both fell outside the
BrC regions (brown areas in Fig. 4b). In addition, we
compared the light absorption properties of styrene-derived
SOA and furan-derived SOA reported in the previous
studies.”*>® For styrene SOA, the k-value in previous study>’
was higher than the k-value analyzed in this work, which may
be due to the difference in oxidant types and experimental
conditions.>® As for furan, the k-value of furan OH oxidation
in previous studies was relatively close to the results obtained
in this study, both showing lower light absorption.>**®
Overall, SOA generated from styrene exhibited higher light
absorption than SOA generated from furan.

To investigate whether the decrease in the k value of the
mixed products is solely attributable to the dilutive effect of
furan or to chemical interactions, we calculated the predicted
k values (section S4) without considering chemical
interactions. As shown in Fig. S11, the measured k values,
whether derived from online measurements (PAX) or offline
analysis (UV-vis), were consistently lower than the predicted &
value. This indicates that the reduction in the k value is not
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merely due to the addition of furan with lower light
absorption but also involves interactions between oxidation
products from styrene and furan, which are further explored
at the molecular level in the following sections.

3.4. Possible mechanism leading to the composition
difference

Taking this further, we propose possible structures based on
their accurate m/z and fragmentation mass spectra, taking
the compounds in the styrene-unique SOA as an example
(Fig. 5). Among these compounds, the fragmentations of
monomers CcH;NO;, CcH;NO,, C¢H;NO;, CoHgOs, and
CoHgN,O, were similar (Fig. 5a-e). Taking C¢Hs;NO; as an
example, the fragmentation of the parent ion C¢H,NO;™ (m/z
138.0197) led to the neutral loss of 30 Da (NO), forming a
fragment ion (C¢H,O, ) at m/z 108.0215 (Table S3a),
consistent with the cleavage of a NO group previously
reported for 4-nitrophenol.*”  Generally, compounds
containing an NO, group tend to undergo neutral losses of
NO (30 Da), NO, (46 Da), or HNO (31 Da) in negative-ion MS/
MS spectra.**** In this study, the neutral loss of NO was
observed for parent ions C¢H4;NO; , CoHsN,0,, C1,HgNO,
and C¢H,NO, (Table S3), while the neutral loss of NO, was
observed in CoH;N,0, , C;,H¢NO, , and C¢H,NO; (Table
S3). Similarly, the neutral loss of HNO was identified for
Ce¢H,NO, and C¢H,NO;5™ (Table S3). Additionally, carboxylate
anions [M-H]  typically undergo losses of CO, or H,0,**** as
observed in CoH;N,0, and CoH;O5 (Table S3). Compounds
with OH groups generally lose H,O (18 Da).*® Apart from the
fragmentation of monomers, the number of fragment ions of
dimers is generally limited, and determining the exact
structure of dimers is more uncertain compared to
monomers.*” For example, the oligomer ion C;oHgNO,~ (m/z
253.9057) underwent a cleavage of the ester bond, resulting
in the monomeric fragments (C¢H,NO, ) at m/z 154.0199,
and then it loses a NO to form a peak ion (CcH,NO3 ") at m/z
124.0399 (Table S3). This fragmentation pattern also
happened in C;oHoN,O;, C;oH;7N,0O¢, C;,HsNO,, and
Cy14H;304  (see the fragmentation pattern in Table S3).

Similar to the styrene SOA, the rule of fragmentation also
happened in unique styrene-furan SOA. The parent ions with
—-COOH group (CoHy;,04 (a), C10H1504 (b), C11H1106 (c) and
C1,H;70, (d)) underwent a neutral loss of CO, or H,O (Table
S4), the parent ions with -OH group (CoH1104™ (@), C10H1504
(b), and Cy;H;;06 (c)) underwent a neutral loss of H,O
(Table S4), and the parent ions with -CHO group (C;oH;50,"
(b)) underwent a neutral loss of CO (Table S4). In addition,
oligomer C,;Hs0s can be decomposed into CsH3;0; or
C,;H;0, through the ester bond cleavage; likewise, the
cleavage of the ester bond also happened in C;0H;50, (Table
S4).

A simplified chemical mechanism describing SOA
production from the OH oxidation of styrene and styrene-
furan is proposed in Fig. 6 (red represents the oxidation
reaction of styrene, and blue represents the oxidation

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5en00770d

Published on 13 berfw-Obubuo 2025. Downloaded on 2026/05/14 7:50:31 AM.

Environmental Science: Nano

(a) 16000 .
/CéHJOZ NO2
12000
- OH
£ 8000
E
4000 CHNO,
0 (
100 150 200
m/z
(b) s000
OH
HO.
0094 CeH,05 \©\
NO2
£ 4000
E
2000 CeH, 0y
CHNO,
100 110 120 130 140 150
m/z
(©
3200 .
CH,0, CH;0,
2400 A NO2
:, HO. O
z
£ 1600
— H
800
I CHNO,
0 l.l b, ol . . )
110 120 130 140 150 160 170
m/z
2500 - o oy GO
0
2000 o
- H
z
'g 1500 - 0
]
= 1000
C,HO
500 CgHO,
0 L h'm.\u\m '»||. Ly l'
100 120 140 160 180 200
m/z
€) 1500
( ) 0 NO2
HO-
C,HNO, "
)
Cguso'\ No2  CoHN, Oy
1000 / CHNO; )
; \
E
500
C,H,NO.
/
] | T |
100 120 140 160 180 200 220 240
m/z

®

(®

(h)

@

o
=

View Article Online

Paper

350004 |/ CHiOy
30000 S
25000 "°_<_\)
0
z ~ 0
Z 20000 o )
S 0
= 15000
10000 C,,HNO,
5000
|
120 140 160 180 200 220 240 260
m/z
12004 CH N0
1000 4 20
2 800 -
E 20N ”>_ \—\
S 600
=
4004
2004 “ CIﬂH')NZO{
B 1“\‘ HHIJI'JHH\ ]H]
120 160 200 240 280
m/z
15000
OH OH NH2 0
12000 “O/Mo ON\M
oH OH O O o0
2z 9000
g /C(-HII07-
Z 6000 w
C,H,N,0y ‘
3000 e
| CyoH;N,04y
[ S S .LL*.“." P
120 140 160 180 200 220 240 260 280 300
m/z
3000 o
2500 \(n
22000 ¢
g 1500 C?H.‘NOz'
& 1 C12H603 3
= CeH30y" C12HgNO4
1000 1 N
/ C12Hg02
500 N\
oLl '] 1 “ I | 'J —
120 150 180 210
m/z
80000
60000 i 'E ' i
g 40000{ C7HEO4 C14H1308°
20000 - \
0 . . . —
150 200 250 300
m/z

Fig. 5 MS/MS spectra of major compounds for unique styrene SOA in the smog chamber. Monomers: (a) CgHsNOs3, (b) CgHsNO4, (c) CeHsNOs, (d)
C9H6N05, (e) C9H6N207, (f) C10H9NO7, (g) C10H10N207, and (h) C10H18N209. Dimers: (I) C12H7NO4 and (j) C14H1408.

reaction of furan). In the styrene oxidation system, first, OH
can abstract H and generate seven intermediates R- (a, b, c,

This journal is © The Royal Society of Chemistry 2026

d, e, f, g) (Fig. S13). Second, taking R- (e for styrene) for
example, it can react with O, to form a series of RO- or RO,-
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(see the reactions of OH-aromatic adducts in Fig. 6). Then,
the RO,- can react with NO and then decompose into
carbonyls, and RO- undergo decomposition and addition of
0,, leading to the formation of carbonyl compounds (cyclic
RO, or RO- can open ring, and long chain RO, or RO- can
be decomposed into small molecules with short chains).
Correspondingly, these RO,- or RO- radicals generate a series
of ROOH or ROH compounds. Subsequently, a range of
group 2 products, such as R, ROR, and ROOR, were generated
from the reaction of ROOH, RO, or ROH (representative
compounds are shown in Fig. 6). It should be noted that
these compounds exhibit low volatility, mainly classified as
LVOCs or ELVOCs (Table S2). The high light absorption for
styrene SOA is mainly attributed to nitrogen-containing
compounds, which are from the addition of -NO, group to
the benzene ring® (Fig. 6). Correspondingly, the formation
processes of representative products (i.e., group 1: identified
to be the primary BrC chromophores in styrene SOA) are
depicted in Fig. 6.

When furan was introduced into the system, the
formation of group 1 products (such as the CgH;NOj,
CeH;NO,, C¢H;NO;) and group 2 products (dimers in Fig. 6)
was suppressed, as indicated by the blue pathway in Fig. 6.
In addition to the similar hydrogen abstraction and
addition reactions observed for furan, two main
mechanisms contribute to this inhibitory effect. First, the
reactive intermediates derived from furan can interact with
those from styrene to form dimer-like compounds
(represented by group 3 products identified by MS/MS),

264 | Environ. Sci.. Nano, 2026, 13, 257-267

which possess higher volatility than group 1 products. As a
result, the overall SOA yield in the furan-styrene system
was lower than that in the styrene-only system which
consistent with the observed shifts in O/C ratio before.
Furthermore, the cross-reactions between furan- and
styrene-derived intermediates compete with the reaction
between styrene intermediates and NO,, thereby reducing
the formation of nitrogen-containing products that typically
exhibit strong light absorption. Second, furan-derived
intermediates can also self-react to form relatively more
volatile products (group 4 products), further reducing SOA
yields in the mixed system.

4. Conclusion

BB emissions are a significant source of various trace gases
and nanoparticles. Compared to a single VOC oxidation in
previous studies, this study provides new insights into the
interactive effects of VOCs in BB emissions, focusing on
the co-oxidation of furan and styrene under low and high
degrees of oxidation. It was found that the SOA yield and
light absorption decreased with the addition of furan
compared to styrene SOA under both low and high degrees
of oxidation. By comparing the predicted and measured
SOA yields as well as k-values, we suggest that the addition
of furan exerts a molecular-level influence on the formation
and optical properties of mixed SOA. Combined with MS/
MS spectrometry, we further investigated the molecular-
level mechanisms underlying the observed decreases in

This journal is © The Royal Society of Chemistry 2026
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SOA yield and light absorption with the addition of furan.
The results revealed that the reduction in SOA yield is
mainly attributed to the decrease of LVOCs and ELVOCs in
mixed system oxidation, which were identified to be
nitrogen-containing compounds and dimers. Meanwhile,
light absorption reduction was primarily due to the
inhibition of nitrophenol formation by furan, since the
main nitrophenols (e.g.,, CcHsNO3z;, C¢HsNO,, and CgH;NO5)
were only detected in styrene SOA.

The [styrene]/[furan] ratios studied represent the real-
world variability of biomass burning emissions, which
depends on fuel type (e.g., lignin-rich woody biomass vs.
cellulose-rich  agricultural residues) and combustion
conditions. Consequently, the influence of VOC interactions
on SOA properties is spatially and temporally heterogeneous.
Specifically, emissions with a high furan/styrene ratio (e.g.,
from agricultural residue burning'®*?) will produce SOA
whose yield and absorptivity are significantly suppressed by
chemical interactions. In contrast, SOA from fuels with a
lower ratio (e.g;, woody biomass'®*?) will have properties
closer to those predicted from styrene alone. This variability
must be considered to accurately assess the impacts of
biomass burning.

This study highlights the importance of considering
molecular-level interactions between co-emitted VOCs in
atmospheric models. Such interactions can significantly alter
the predicted SOA yield and optical properties, thereby
impacting the role of SOA in atmospheric radiative forcing
and air quality in regions influenced by BB emissions.
Furthermore, the mechanistic understanding gained from
the furan-styrene system offers a generalizable framework.
The suppression of SOA yield and light absorption likely
extends to other VOC mixtures involving precursors with
contrasting chemical characteristics, particularly between
aromatic chromophore-forming species (e.g., styrene,
phenols) and those yielding more volatile oxidation products
(e.g., furans). Prioritizing the study of such functionally
distinct VOC pairs will be crucial for systematically improving
the representation of SOA formation from complex emissions
in atmospheric models.
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