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ABSTRACT

Brown carbon (BrC), a class of light-absorbing organic compounds produced during biomass
burning, plays an important role in atmospheric radiative transfer and air quality. However,
accurate representation of BrC in atmospheric models remains limited by insufficient
understanding of its complex molecular composition and variable optical properties. In this
study, we present a comparative molecular-level characterization of BrC chromophores in
laboratory-generated organic aerosol (OA) mixtures representing pyrolysis components of wood-

burning (WBOA) and dung-burning (DBOA) emissions, corresponding to two commonly used
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categories of residential biomass fuels. Using a hyphenated high-performance liquid
chromatography—photodiode array—high-resolution mass spectrometry (HPLC-PDA-HRMS)
platform, we analyzed these mixtures alongside 100 BrC reference compounds and evaluated the
composition, volatility, and light-absorbing properties of their constituent species. WBOA was
found to be enriched in CHO-class chromophores primarily derived from lignin decomposition,
while DBOA contained a higher abundance of CHON and CHN classes corresponding to
reduced N-containing organic compounds (RNOCs). N-heterocyclic compound classes, such as
pyrrole- and pyrazine-containing species, were plausibly detected in the DBOA mixture. Double
bond equivalency analysis identified a substantial fraction of potential BrC chromophores in both
mixtures, although their chemical classes, structural features, and optical properties differed
significantly. Volatility basis set modeling revealed that WBOA components are less volatile and
remain in the particle phase under a wider range of atmospheric conditions, while DBOA
constituents partition more readily to the gas phase. These findings underscore the need for more
detailed treatment of BrC variability in chemical transport models, especially in regions where
dung is a dominant household fuel. This study advances molecular-level understanding of BrC

and highlights the importance of fuel type in shaping its atmospheric behavior.

Keywords. dung, biomass burning, chromophores, Brown Carbon, chemical characterization,

high-resolution mass spectrometry, nitrogen, fuels

Environmental significance. This study shows how compositional differences between dung-
and wood-derived biofuels shape the atmospheric behavior of biomass burning emissions, with
implications for atmospheric chemistry, radiative forcing, and air quality. It shows that the
molecular composition and volatility of emitted organic compounds vary significantly by fuel
type, influencing their gas-particle partitioning, atmospheric lifetime, and light-absorbing
characteristics. Emissions from dung combustion are enriched in nitrogen-containing, volatile
species, while wood combustion produces more low-volatility, lignin-derived compounds that
persist in the particle phase. These findings underscore the need for fuel-specific emission
inventories and volatility-resolved parameterizations in atmospheric models—particularly in

regions where residential biomass burning remains a dominant energy source.
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1. INTRODUCTION

Atmospheric light-absorbing organic compounds, known as Brown Carbon (BrC), are
common constituents of biomass burning organic aerosol (BBOA) emitted from wildfires,
prescribed forest management burns, agricultural burning, and the use of biomass fuels for
household heating and cooking.'”” BBOA and its BrC components play significant roles in
atmospheric chemistry, environmental processes, and public health.!3~° However, the complex
and variable molecular composition of BBOA introduces substantial uncertainties into models
that aim to predict its effects on radiative forcing and air quality.”-'13 This challenge is
becoming increasingly critical, as both wildfire activity and biomass fuel use are expected to rise,
amplifying the atmospheric burden and global impacts of BBOA.!!4-18 Improving BBOA
representation in atmospheric models”!1%2% requires a thorough understanding of its molecular
composition and optical properties, which are shaped by various factors such as burning
conditions,>2!-2? fuel type,*!42123-25 and atmospheric aging.3—>-2627 To address these
complexities, recent studies have focused on field-based measurements,?®3? experiments with
laboratory-generated BBOA proxies,'42>-3132 and the applications of machine learning

techniques.’*3* Additionally, geographic source profiling of BBOA has also advanced as a

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

means of capturing BrC spatial variability and regional contributions to radiative forcing of

climate.”-1223-35.36 Despite these efforts, current characterization of BrC optical and chemical

Open Access Article. Published on 31 bs-Ahinime 2025. Downloaded on 2025/11/02 3:19:08 PM.

properties remains incomplete, limiting its adequate representation in atmospheric models and

constraining its radiative effects.

(cc)

Residential BBOA emissions are emerging as a significant source of BrC in developing
countries with rapidly growing populations.”37-3 In regions where wood biomass is scarce,
animal waste (such as cow and yak dung) is commonly used as inexpensive biofuel to meet
household energy needs.!!-154%41 The chemical composition of wood biomass differs
substantially from that of animal waste, leading to the emissions of wood-burning and dung-
burning organic aerosols (WBOA and DBOA, hereafter) with distinct molecular signatures and
BrC characteristics.'4?43%42 Studies have shown that WBOA is typically enriched in CH and
CHO species, 4342 whereas DBOA contains a higher proportion of nitrogen-containing CHON

compounds.!!14 Despite these compositional differences, atmospheric models often generalize
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BBOA properties based on emissions from wood-derived biofuels, often overlooking the
variability introduced by dung biofuels.!!** Characterizing the emission components from
WBOA and DBOA sources can streamline efforts to quantify and represent the chemical
diversity of BBOA in atmospheric studies. Here, we conducted a molecular-level analysis of
laboratory-generated pyrolysis proxy mixtures of WBOA and DBOA and compared the results to
a recently published reference list of individual BrC chromophores.?> Comprehensive chemical
characterization was performed using a hyphenated analytical platform combining high-
performance liquid chromatography, photodiode array detection, and high-resolution mass
spectrometry (HPLC-PDA-HRMS), complemented by organic carbon quantification. The results
show that the WBOA mixture contains a substantial fraction of previously identified BrC
chromophores. In contrast, the DBOA mixture is dominated by relatively reduced nitrogen-
containing organic compounds (RNOCs) that are yet underrepresented in existing BrC reference
inventories, underscoring the need to expand molecular characterization efforts to include BBOA

emissions from animal-waste-derived-biofuels.

. MATERIALS AND METHODS

2.1.  Generation of proxy mixtures and Total Organic Carbon (TOC) assessment. Dry
cow dung cakes, prepared for household use as solid biofuel, were collected from the storage pile
of cow dung users in villages located in Himachal, India in 2019 and stored in airtight Ziplock
bags at room temperature. They were transported to the US in an airtight plastic container at
room temperature as well. Figure S1 shows a representative photo of the dung cake materials
stored in the plastic container. To generate the DBOA proxy mixture, ~100 g of crushed dung
sample was heated at ~535 °C in a N,-purged dry distillation apparatus equipped with a room-
temperature water condenser (previously described in our studies).>!** Fume emissions were
collected with acetonitrile (ACN, Fisher Scientific, Optima LC-MS grade) and gently-evaporated
in a TurboVap LV system (Biotage, 416200) to obtain the DBOA analytes, which were stored at
—4 °C between analyses. A schematic of the distillation setup used for generating the DBOA
mixture is shown in Figure S1 (Supplemental Note A). The WBOA proxy mixture used in this

study was prepared following the same procedure described in our previous work, where it was
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referred to as PO;.3!** The organic carbon (OC) content of the WBOA and DBOA mixtures was
quantified using aqueous solutions aspirated through a total organic carbon (TOC) analyzer
(Sievers, M9 Portable).*> TOC content (ug mL ") for each mixture was obtained based on the
difference between organic-derived dissolved carbon dioxide (CO,) and inorganic-derived CO,
in the instrument’s linear response range, thereby determining measured OC-to-total mass ratios
(moc/myora) that would ascertain OC mass sampled by the HPLC instrument. A more detailed
description of the TOC operational settings is provided in Supplemental Note B, and calibration
plots used to verify the instrument’s linear response range are shown in Figure S2, yielding

Mo/ My ratios of 0.29 and 0.26 for DBOA and WBOA, respectively.

2.2. HPLC-PDA-HRMS analysis. A pre-filtered 1000 pg mL ™! solution of DBOA dissolved
in ACN was analyzed using a Vanquish HPLC system equipped with a PDA detector and
coupled to a high-resolution Orbitrap mass spectrometer (all from ThermoFisher scientific). A
solvent blank was also analyzed to account for chemical and optical interferents originating from
the solvent and mobile phase. Dual 10 pL injections were performed in triplicate to ensure
reproducibility of PDA measurements and comprehensive molecular characterization. The
analysis employed both electrospray ionization (ESI) and dopant-assisted atmospheric pressure
photoionization (APPI) sources, with data acquired in alternating positive and negative ion
modes.3!#6-48 Chromatographic separation was achieved on a reversed-phase Luna C18 column
(Phenomenex, 00F-4252-B0) protected with a SecurityGuard C18 guard cartridge (Phenomenex,
AJ0-4286), both maintained at 25 °C, using a previously-established gradient elution
protocol.3144 An explicit summary outlining the HPLC-PDA-HRMS operational settings is
provided in Supplemental Note C. The WBOA sample was analyzed using identical instrumental
conditions, as detailed in our previous studies,>!** providing a consistent basis for comparison
with the DBOA results presented here.

2.3.  Calculation of MACoc(7) and AAE from PDA Records. Wavelength-dependent mass
absorption coefficient (MACoc(2), m? g ') values of DBOA and WBOA samples were obtained
from HPLC-PDA records using the equation displayed below.*

_ Abs(d) [pAU] x At [min] X In(10) X F [mL min~"]
B b [cm] X 10 X myp; [ng]

MACoc(2) [m?2 g~ 1] (Eq 1)
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Where, Abs(4) corresponds to the absorbance measured at wavelength A integrated over the
entire elution time, A¢ represents the chromatographic separation time frame (0—100 min),
reflects the HPLC flow rate (0.2 mL min™'), b is the path length in the LightPipe flow cell (1.0
cm), and m;,; represents the injected OC mass of the samples. Combined conversion of pAU to
AU, cm? to m?, cm to m, and ng to g units yields a 10! coefficient. Based on the calibrated
Moc/ My Tatios (Figure S2), the injected OC mass was estimated to be 2,900 ng for DBOA and
2,500 ng for WBOA. These values define the m;,; term in Equation 1, yielding OC-normalized
MACoc(4) values.

To relate the absorbance contributions of constituent molecules to their polarity and
aromaticity, three broad retention time fractions were defined based on our previous work:
Fraction A (3—40 min; monoaromatics), Fraction B (40—65 min; lignin fragments), Fraction C
(65—100 min; substituted polycyclic aromatic hydrocarbons, PAHs).** Contributions of each
fraction to the total MACpc(4) were quantified using Equation 2.

Abs(A); [UAU] X At; [min])
Abs()[HAU] X At[min]

MACoc(); [m? g=] = MACoc() [m? g~ x ( (Eq2)

Where, MACoc(4); corresponds to the integrated UV-Vis absorbance of the specific segment i
and A¢; denotes its elution time range. The absorbance contributions from well-resolved major
chromophores were calculated using this approach. Wavelength-dependent light absorption was
characterized by calculating absorption Angstrom exponent (44E) values over 280-405 nm and
300—405 nm, derived from slopes of log-log linear regressions of MACpc(4) versus wavelength.
Triplicate PDA measurements provided mean and standard deviation for both the A4E and
logio(MACoc 405 nm)- The resulting AAE slope factors for the WBOA and DBOA samples are
shown in Figure S3 (Supplemental Note D).

2.4. BrC Reference Compound Comparison and Data Analysis. Four BrC reference
solutions (G1—-G4, each containing 25 BrC compounds)? were analyzed under the same HPLC-
PDA-HRMS conditions described above. Compounds in G2—G4 were dissolved in methanol,
while the G1 solution was originally prepared in ACN/dichloromethane/hexane (2:1:1, v/v).4¢ To
ensure consistency across all solutions, the G1 residues were reconstituted in methanol after the
solution was evaporated using the previously-mentioned TurboVap LV system. All solutions

were diluted to 10 pg mL™! prior to analysis. Retention times and UV-Vis absorbance spectra of
6
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reference compounds were compared to those observed in the DBOA and WBOA samples to

assess overlap. Data were processed in MZMine 2.53, an open-source LC-MS data processing

software (https:/github.com/mzmine).>* Detailed procedures for generating extracted ion
chromatograms (EICs) are described in Supplemental Note E. lon species considered in ESI(+/-)
modes included [M+H]*, [M+Na]*, and [M—H]~, while in APPI(+/—) modes included [M+H]",
[M]**, [M—H]", and [M]*". Elemental formulas were assigned using custom-built Excel macros
and the MIDAS molecular formula calculator (v. 1.2.3; National High Magnetic Field
Laboratory, USA), based on higher-order Kendrick mass defect analysis.”! Assignments were
constrained to C,,H.,,Op-10No-3Nay-;, with a mass tolerance of 3.0 ppm. Assigned compounds
were categorized into CH, CHO, CHON, or CHN classes. Overall, more than 82% of detected
HRMS features were successfully assigned (Figure S4, Supplemental Note E). Among all
ionization modes, ESI(+) was most effective for the DBOA mixture, detecting a broader range of
constituents than APPI(+), as illustrated in Figure S5 (Supplemental Note E). An UpSet diagram
in Figure S6 summarizes the overlap and exclusivity of masses detected in ESI(+), APPI(+), or
both modes. Fifteen DBOA features (#71—85) and twenty-three previously identified WBOA
features [as labeled in Hettiyadura et al (2021)]*! were chemically characterized by correlating
PDA and HRMS data. Prominent chromophores detected by HPLC-PDA in both samples are
shown in Figure S7 (Supplemental Note F), with detailed EICs of major DBOA features
presented in Figure S8 (Supplemental Note F). Key WBOA chromophores from Fractions A and
B are displayed in Figures S9 and S10 (Supplemental Note F), respectively. Comprehensive
listings of UV-Vis absorbance spectra, observed m/z values, elemental formulas, reference
compound identities, and plausible molecular structures for major DBOA and WBOA

chromophores are provided in Tables S1 and S2 (Supplemental Note F).

To assess molecular characteristics of the identified constituents in the DBOA and
WBOA mixtures, visualizations were generated using common molecular metrics, including
double bond equivalency (DBE) plots and van Krevelen (VK) diagrams.3?>3 DBE offers insight
into the degree of unsaturation within organic compounds and helps infer the presence of

potential BrC chromophores.324446 DBE values were calculated using the following equation:>3
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H N
DBE=C—§+E+1 (Eq 3)

where, C, H, and N denote the number of carbon, hydrogen, and nitrogen atoms in the elemental
formula of each compound. Comprehensive DBE distributions for all four ionization modes are
presented in Figure S11 (Supplemental Note G). APPI(+) HRMS spectra and their associated
DBE plots are shown in Figure S12. These plots help identify potential nonpolar BrC
chromophores in both mixtures. Additionally, VK diagrams>? were used to evaluate the polarity
and functional group composition of the molecular constituents. These diagrams for the DBOA

and WBOA samples are shown in Figure S13 (Supplemental Note G).

2.5. Assessment of component volatility in DBOA and WBOA mixtures. Gas-particle
partitioning behavior of components in the DBOA and WBOA mixtures was evaluated by
constructing volatility basis set (VBS) distributions.>*> Detailed procedures are provided in
Supplemental Note H. Briefly, molar fractions of identified components were approximated
based on the integrated peak areas of their EICs. Volatility of each compound, expressed as the
gas-phase saturation mass concentrations (C*7, pg m™) as a function of temperature (7, K), was
estimated through a multi-step calculation approach. First, reference saturation concentrations at
298 K (C%¢sx, pg m3) were estimated using the semi-empirical ‘molecular corridor’ (MC)
parameterization.>® These initial values were then refined to obtain more accurate saturation
concentrations C*,95x by applying a trendline correction derived from the deviation between MC-
predicted and experimentally measured volatilities of dominant WBOA constituents (referred to
as PO in our previous publication).’”>® Next, compound-specific enthalpies of vaporization

(4H" 4, kI mol ') were estimated using a semi-empirical relationship: AH",,, = —11 x
log1o(C*;0sx) + 85.5° This expression has been shown to perform well for major components of
WBOA and for field-collected anthropogenic aerosols significantly influenced by BBOA
emissions.®® Finally, temperature-dependent saturation concentrations (C*7), were calculated
using the Clausius—Clapeyron equation (Equation 4), incorporating the component-specific input

values of C*5g5x and AH",,,.

ug] <298 K) exp AHY [k mol™1] <T1 1 ) (Eq 4)

T 3] = 298K [3] T [K] R[k] mol~1 K-1|\T[K] 298K
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Using the calculated C*7 values and estimated molar fractions of individual components,
gas-particle partitioning behavior of DBOA and WBOA components was evaluated using VBS
distributions3*3 constructed separately for each mixture. The VBS distributions were
constructed across broad ranges of total organic mass concentrations (1OM, 1-1000 pg m~3) and
temperatures (7, 273—323 K), enabling assessment of the partitioning dynamics under variable
atmospheric conditions. The resulting VBS plots illustrating dilution-driven gas-particle
partitioning for both mixtures are presented in Figure S14, while Figure S15 illustrates
corresponding shifts due to atmospheric cooling (Supplemental Note H). Additionally, gas—
particle partitioning behavior was evaluated using an alternative semi-empirical parameterization
developed to estimate upper-limit partitioning trends.®! VBS distributions based on this second

approach are summarized in Figure S16.

3. RESULTS AND DISCUSSION

3.1 Characterization of major DBOA chromophores

Figure 1 presents the characterization of major chromophoric species and their absorbance
contributions in the DBOA mixture. The HPLC-PDA chromatogram is segmented into three
polarity-based retention time windows: monoaromatics (Fraction A, 3—40 min), lignin fragments
(Fraction B, 40—65 min), and substituted polyaromatics (Fraction C, 65—100 min), following the
framework established in our previous work.** Panels (a) and (b) display fifteen labeled PDA
features alongside their EICs. The corresponding chromophores (#71—#85) identified in the
DBOA sample are distinct from those previously reported for the WBOA (or PO,) mixture
(#1-#62) by Hettiyadura et al (2021).3! Plausible structural assignments for these DBOA
chromophores are supported by their elemental formulas, UV-Vis absorbance spectra, and
literature references, as summarized in Table S1 (Supplemental Note F). Chromophores are
color-coded by molecular class: CHO (blue), CHN (green), or CHON (orange). Most identified
DBOA chromophores elute within Fraction A and include substituted furans (#73, C¢HgO,),
phenolic compounds (#74, CsHeOs5; #84, C19H;,0), and RNOCs such as pyrazines (#78,
CgH,0ON,; #82, C15H;3ON,). This dominance of these early-eluting, lower-molecular-weight

species reflects the compositional characteristics of dung-based biofuels. Cattle primarily
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consume lignin-deficient feedstocks such as wheat, rice straw, and maize straw,’*6% which yield

fewer lignin-derived and PAH compounds upon dung pyrolysis. As a result, later-eluting species

commonly associated with lignin breakdown (Fraction B) and PAHs (Fraction C) — which are

prominent in WBOA mixtures 233132 — are absent from the DBOA sample.

400 - Fraction B Fraction C
E a) 4 x 10* pAU [ 100%
< 71 Hl e0%
= ‘ B 0%
£ 350 ﬂ? 76 R
o 3 78 20%
c | / *‘?4 |‘ 84 0%
2 /75‘ 79 83 d
g 300 ‘ 77| j 30 81 82 85
g l’ LI
T T T T T T 1
—20 _x10° x10”
= b) 15
51.5 4~ s )
21.04 83 .
§90. B 4 7w,
E 05 , 2 ’//. 0.5
2 NI i 0 A
L 0.0 44 T T T T 1 0.0

5 10 15 20 25 30 35

T
40 45 50 55 60 65 ?0 ?5 BO 85 90 95 100

RT (min)

MAC (1) (m?%g)

16 4

12

CHN
CHO

unassigned

350 400

Wavelength (nm)

Figure 1. Characterization of major chromophoric compounds in the DBOA sample. (a) HPLC-
PDA absorbance heatmap chromatogram, (b) HPLC-HRMS extracted ion chromatogram
overlay, (c) fractional MACoc(4) contributions of major DBOA chromophores. Assigned PDA
features are numbered in order of retention time and color-coded based on compound class.
Italicized labels indicate MS features with intensities referenced to the right-hand axis; boxed
labels denote BrC chromophores matched to compounds in the G1-G4 reference mixtures.
Among the identified chromophores, CHON and CHN compounds contribute 16% of the total
absorbance, followed by 13% contributed by CHO species.

The DBOA mixture exhibits a notable lack of detectable BrC reference compounds from

G1-G4 mixtures. Although PDA feature #79 coelutes with vanillin based on retention time, its

UV-Vis absorbance spectrum does not match the known spectrum of vanillin (Table S1,

Supplemental Note F), suggesting that vanillin, if present, exists at trace levels and is obscured

by a coeluting stronger chromophore. While the G1-G4 reference mixtures include N-containing

compounds such as 4-nitrocatechol (CsHgO4N), a recognized tracer for biomass burning,%3-%4 the

majority of CHON reference species are nitroaromatics typically formed through atmospheric

10
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photooxidation in the presence of nitrogen oxides (NO,).>¢ In contrast, the N-containing
species identified in the DBOA sample are mostly RNOC:s, including various heterocyclic
compounds that are readily detected in ESI(+) mode.®”-%® These results highlight the chemically
reduced nature of N-containing BrC chromophores in DBOA compared to the oxidized

nitroaromatic species commonly associated with aged WBOA emissions.

It is important to note that the RNOC:s identified in this study are pyrolysis products
formed under anoxic conditions, reflecting thermal degradation pathways distinct from those
occurring in typical household cookstove emissions reported in earlier literature.®-7
Nevertheless, characterizing these pyrolysis-derived RNOC:s is essential for expanding our
understanding of biomass burning emissions, as oxygen-limited smoldering is common in many
real-world contexts, including residential cookstoves, agricultural burning, prescribed burns, and
naturally-occurring wildfires.”® These conditions generate chemically distinct RNOCs that are
often missing from current emission inventories, yet may significantly impact atmospheric
reactivity, radiative properties, and toxicological outcomes.!33637 They also offer valuable
chemical insights for improving the source attribution of biomass burning emissions. For
example, the DBOA chromophores identified in this pyrolysis study (anoxic conditions), exhibit
lower oxygenation levels and fewer acidic moieties such as carboxylic acids, compared to
ambient samples from Indian cow dung-fueled cookstoves,”® that involve dung burning in an
oxygen-containing atmosphere. Compounds like ferulic acid, benzoic acid, and vanillic acid —
detected in those ambient studies but not in our pyrolysis experiments — are likely formed under
oxidative burning conditions. Conversely, the furan derivatives detected in the anoxic dung-
based pyrolysis products are absent in the source-sampled aerosol”® but present in dung burning
smoke with relatively high gas-phase emission factors (0.1 to 0.5 g/kg of fuel),%° indicating that
the heat above the stove may have partitioned these compounds into the gas phase due to their
high volatility.” Notably, Stewart et al (2021)7-7? successfully detected substituted furans and
other highly volatile components from cookstove emissions, likely due to the cooling of the flue
gas before sampling. Developing this robust portfolio of pyrolysis-based DBOA compounds will
strengthen emission inventories and enhance molecular-level source apportionment, particularly

in regions like Southeast Asia where such emissions remain under-characterized.
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Panel (c) of Figure 1 illustrates the relative contributions of identified chromophores to
the total light absorption, expressed as fractions of the MACpc(2) for the DBOA mixture.
Collectively, the assigned CHN, CHO, and CHON chromophores account for over 25% of total
absorbance, with N-containing species contributing more significantly than CHO compounds.
An additional ~8% is attributed to unresolved, highly polar chromophores, likely resulting from
limited chromatographic resolution under the current stationary phase and flow rate conditions.
Notably, 64% of the total absorbance originates from a large ensemble of unassigned
chromophores, which are either intrinsically weak absorbers or present at very low

concentrations.
3.2 Assessment of major WBOA chromophores

Figure 2 presents the optical and chemical characterization of major chromophores in the
WBOA sample. Using the same three polarity-based fractions and numerical identifiers as in
Hettiyadura et al (2021),3! panels (a) and (b) show twenty-three labeled PDA features alongside
the EICs of their corresponding compounds. The identified chromophores include furans (#1,
CsHeO; #3, CsH40,; #8, C¢HgO,), substituted guaiacols (#24, CoH,0,; #31, C1oH1,0,), guaiacol
dimers (#27, C16H404), and lignin decomposition products (#41, C17H;604; #43, C1gH;504; #45,
C19H5004), none of which are currently included in the G1—G4 BrC reference mixtures.
Although seven PDA features coelute with reference compounds, six of them [#6 (C;H¢O3), #11
(CgHg03), #19 (CoHg0O,), #26 (C11H 903), and #41 (C,gH 304)] exhibit UV-Vis absorption
spectra that deviate from their assigned references, likely due to coelution with interfering
chromophores. Notably, coniferaldehyde (#17; CoH;¢03) is the only compound whose PDA
spectrum matches that of its reference standard. To improve the comprehensiveness of BrC
reference mixtures for future studies, additional inclusion of key chromophores is recommended.
These include substituted guaiacols such as 4-ethylguaiacol (#24) and isoeugenol (#31); furans
like 1,2-methylfuran (#1); furfural (#3); and 5-methylfurfural (#8); and lignin-derived
benzofuran derivatives (#41, #43, #45). A complete listing of assigned PDA features, UV-Vis
absorbance spectra, elemental formulas, and plausible structures for the WBOA sample is

provided in Table S2 (Supplemental Note F).

12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00105f

Page 13 of 33

Open Access Article. Published on 31 bs-Ahinime 2025. Downloaded on 2025/11/02 3:19:08 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres
View Article Online
DOI: 10.1039/D5EA00105F

Fraction B Fraction C

‘540073) 17 4 % 10* pAU [ 100% 16

c 27 B e0%
- ﬁ Bl 60%
£ 350 1 25 43 Bl 40%

o 811 20 | 41 L1 20%

< 38 45 9 12

3 13 g

2 1 j i 3235 =

© 300 4 6l /16 ! 2 48 o

s | bl il il ¥ E

i . ‘

; T T T T ‘| T ‘ T T T T T T 1 E

. x10P 7] 35 LA CHO

S b) S unassigned
. ] Q |
=15 " 15 §

20

el | | 31 38 =

10 s 16 \2225 1.0 4

T Ry i I S

Eos5]! A 24 127 [41] 45 48 Ea

2 J{ ) A L ||

moo T T T T T T T T T IDO D

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 300 350 400
RT (min) Wavelength (nm)

Figure 2. Characterization of major chromophoric compounds in the WBOA sample. (a) HPLC-
PDA absorbance heatmap (b) HPLC-HRMS extracted ion chromatogram overlay, and (c)
fractional MACpc(7) contributions of major WBOA chromophores. Assigned PDA features are
numbered in order of retention time and color-coded based on compound class (CHO, blue).
Italicized labels indicate MS features with intensities referenced to the right-hand axis; boxed
labels denote BrC features matched to compounds in the G1-G4 reference libraries. Assigned
CHO compounds contribute up to 43% of total absorbance.

Comparison of this study with previous measurements from controlled test burns and
ambient wood-fueled emissions offers observational insights into the distinct WBOA chemical
species reflecting flaming versus pyrolysis-dominated conditions. Across both this work and
earlier studies,’®’> oxygenated monoaromatics and lignin decomposition products consistently
emerge in high abundance, underscoring their formation irrespective of burning regimes.
Secondary plant metabolites such as coumarin and 7-ethoxycoumarin are also detected,
indicating their rapid volatilization during thermal processing.”” In contrast, flavonoids and their
oxygenated derivatives reported in Fleming et al (2020)75 are absent from the present dataset,
suggesting their formation is favored under oxidative conditions of flaming burning.
Additionally, nitroaromatic compounds are absent in this study but were previously observed
under elevated NO, conditions, reinforcing their dependence on NO,-driven aging. Lastly, large,
intact benzofuran derivatives are exclusively detected in this work, indicating their susceptibility
to fragmentation in oxygen-rich flaming conditions. These findings highlight the importance of
characterizing both flaming- and pyrolysis-driven products to fully realize the chemical

variability and atmospheric impacts of WBOA components.
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Panel (c) of Figure 2 shows the contributions of assigned chromophores to the total light
absorption in the WBOA sample, expressed as fractions of the MACpc(4). Compared to the
DBOA mixture, the WBOA sample exhibits greater chemical heterogeneity, reflected in the
dominance of multiple CHO-class chromophores with a wide range of aromaticity and polarity.
Improved chromatographic resolution and more extensive chemical characterization enable
attribution of over 43% of total absorbance to identified CHO species, while unresolved
components account for only ~2%. Although 55% of total absorbance remains unassigned, this
fraction is notably lower than in the DBOA sample. The higher assignment confidence reflects
the expanding body of literature on WBOA composition,>3!:4¢ which supports more accurate
identification of UV-absorbing chromophores.

3.3 Optical bin classification of DBOA and WBOA mixtures

Figure 3 compares the optical properties of the DBOA and WBOA mixtures using their
representative values of A4AE and log;o(MACoc 405 nm), shown within the BrC optical
classification framework introduced by Saleh 2020.# Reference data for BC’® and highly
absorbing BBOA’ are included for context. Mean values and standard deviations from triplicate
measurements confirm the reproducibility of both A4E and MACoc 495 .m values. For each
sample, AAE values calculated across the 280—405 nm and 300—405 nm are consistent, indicating
stable spectral behavior in the UV-visible range. The WBOA mixture exhibits a higher A4E
(~12) than DBOA (~9.5), indicating a steeper wavelength dependence and a greater abundance
of strongly absorbing BrC species in the wood-derived sample. Despite this spectral contrast, the
two mixtures show comparable absorptivity at 405 nm, with MACoc 495, values of 0.172 m? g™!
(WBOA) and 0.093 m? g"! (DBOA). Based on log;o(MACoc 405 mm), both fall between the very
weakly (VW-BrC) and weakly (W-BrC) absorbing BrC categories,* although their high AAE
values are more characteristic of VW-BrC. Upon evaporation, both mixtures are expected to
transition toward darker BrC classes,?!*#*4 with a more pronounced darkening for WBOA due to
its lower-volatility, lignin-derived constituents, and likely a weaker effect for the more volatile

DBOA mixture.
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Figure 3. Classification of WBOA and DBOA mixtures according to the optical framework of
Saleh 2020.# Average AAE and log o(MACoc_ 405 nm) are calculated for the DBOA and WBOA
samples.** AAE values are calculated over 280—405 nm (squares) and 300—405 nm (circles)
spectral ranges. Reference values for BC?® and strongly absorbing BrC?” are included for visual
comparison.

3.4 Compositional and optical trends of DBOA and WBOA components

Figure 4 illustrates the pronounced compositional contrasts between the DBOA (panels a,
c¢) and WBOA (panels b, d) mixtures, as revealed by comparative analysis of ESI(+) high-
resolution mass spectra and DBE plots. The DBOA mixture is enriched in lower-molecular-
weight RNOCs, primarily in the 80—250 m/z range, consistent with the dominance of
chromophore features observed in Fraction A of the HPLC-PDA-HRMS analysis. In contrast, the
majority of the WBOA mixture consists of CHO species spanning a broader molecular weight

range (80—400 m/z), with a significant fraction of compounds exceeding 250 m/z. These higher-
15
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mass CHO species correspond to lignin pyrolysis products and substituted polyaromatics
associated with Fractions B and C, hallmarks of pyrolyzed wood biomass. WBOA displays
greater molecular diversity and is predominantly composed of highly oxygenated CHO species
(74%), many of which exhibit elevated DBE values characteristic of lignocellulosic thermal
degradation products. In contrast, the DBOA mixture shows a distinct elemental signature, with
only 17% of assigned species falling into the CHO class. Instead, it is dominated by RNOCs
[CHN (29%) and CHON (42%)], many of which are amines, amides, Schiff bases, and N-
heterocycles. This RNOCs enrichment reflects both the chemically reduced nature of dung
biofuel and the lignin-poor feedstock consumed by cattle, such as wheat, maize straw, and rice
straw.24%2 Qverall, the differences in molecular weight distribution, elemental composition, and
DBE profiles between DBOA and WBOA mixtures underscore their distinct chemical

fingerprints and the strong influence of fuel type on BrC molecular characteristics.
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Figure 4. ESI(+) high-resolution mass spectra and DBE plots of DBOA (a, ¢) and WBOA (b, d)
mixtures. Assigned compounds are color-coded by molecular class (CHO, CHN, CHON), with
signal intensities and marker sizes scaled by the square root for better visualization. Pie charts
represent the count-weighted and intensity-weighted abundances of molecular classes and
unassigned species. In the DBE plots, compounds falling within the shaded region, bounded by
the DBE ranges characteristic of fullerene-like hydrocarbons and linear polyenes, are potential
BrC chromophores. Pie charts illustrate the relative abundance of potential BrC species resolved
by compound class. The WBOA mixture is characterized by a dominant CHO composition,
reflecting its lignin-rich nature of wood biomass, while the DBOA mixture is enriched in
reduced N-containing species reflecting the composition of dung biofuel.
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Figure 4 panels (c) and (d) present DBE plots that visualize the distribution of potential
BrC chromophores in the DBOA and WBOA mixtures, respectively. Molecules residing within
the shaded region, bounded by DBE values corresponding to linear polyenes (DBE = 0.5 x C
number) and fullerene-like hydrocarbons (DBE = 0.9 x C number), exhibit sufficient n-
conjugation to absorb light and act as chromophores.*® In the DBOA mixture, a substantial
number of RNOCs (CHON: 50% and CHN: 20%) fall within this region, consistent with the
prominent chromophores identified in Figure 1. In contrast, CHO species dominate this region in
the WBOA mixture (94%), aligning with the major chromophores shown in Figure 2. In both
mixtures, approximately 50% of the assigned molecular features fall within the shaded region,
indicating that ESI(+) effectively captures a broad range of chromophores. The compositional
analysis reinforces that the light-absorbing properties of DBOA are primarily influenced by
RNOCs, while those of WBOA are driven by oxidized CHO constituents — reflecting the
differing chemical nature of the respective biofuels.
3.5 VBS distributions of DBOA and WBOA components

Figure 5 illustrates the gas-particle partitioning behavior of the DBOA and WBOA
mixtures under varying atmospheric conditions, showcased by two-dimensional heatmaps
derived from VBS distributions constructed across a broad range of tOM (1 to 1000 ug m3) and
T (273 to 323 K). Under identical 7" and tOM conditions, the DBOA mixture shows greater
transition to the gas-phase, driven by its enrichment in more volatile components. In contrast,
WBOA retains a larger fraction of mass in the particle phase across the same conditions,
consistent with its dominance of lower-volatility compounds. As a result, WBOA is more likely
to remain in the particle phase for extended atmospheric time, enhancing its persistence, light-
absorbing potential, and contribution to radiative energy balance. Conversely, the higher
volatility of DBOA constituents promotes more extensive gas-phase transition, facilitating
atmospheric transformation into secondary organic aerosol (SOA) products and likely reducing

the persistence of its light-absorbing chromophores.
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Figure 5. Calculated particle-phase mass fractions of (a) DBOA and (b) WBOA constituents as a
function of tOM and T. Heatmap colors indicate the particle-phase mass fractions. The DBOA
mixture shows a greater degree of gas-particle partitioning compared to WBOA, reflecting the
higher volatility of its components relative to the less volatile species in the WBOA mixture.

It is worth noting that laboratory-controlled distillation and condensation of biofuel
pyrolysis fumes produce complex organic mixtures with components encompassing a wide
volatility spectrum, from extremely low-volatility organic compounds (ELVOC) to volatile
organic compounds (VOC). Compared to measurements with aerosolized systems, this approach
captures a more complete representation of emission constituents, thereby reporting extended
VBS distributions that resolve a broader range of gas-particle partitioning under specific 7" and
tOM conditions. The DBOA mixture spans a log;o(C"7) range of —4 to 7, with a dominance of
intermediate- and volatile organic compounds (IVOC/VOC), which contribute to low particle-
phase mass fractions, such as 51% at 298 K and 100 ug m= tOM or 39% at 323 K and at the
same concentration (Figures S14—S15). In contrast, for the same conditions of 7"and tOM, the
WBOA components comprise a broader volatility range (—11 to 7), with enhanced contributions
from low-volatility (LVOC) and semi-volatile organic compounds (SVOC) which together
represent >72% of the particle mass (Figures S14—S15). Masses below 250 m/z, likely
monoaromatics, are associated with IVOC/VOC fractions in both mixtures, while 250—400 m/z
lignin-derived products in WBOA correspond to LVOC/SVOC constituents.3! Specific
assignments of furan derivatives (DBOA: #73; WBOA: #1, #3, #8) confirm their VOC identity,

19


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00105f

Open Access Article. Published on 31 bs-Ahinime 2025. Downloaded on 2025/11/02 3:19:08 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

Page 20 of 33

View Article Online
DOI: 10.1039/D5EA00105F

typically partitioning to the gas-phase unless 7' is low or tOM is elevated. Conversely, multi-ring
benzofuran species (WBOA: #41, #43, and #45), previously detected in bio-0il’®7° and biochar,?
behave as persistent LVOC/SVOC species, likely contributing to tar ball formation®!8? and
remaining in the condensed phase across atmospherically relevant 7"and tOM conditions.
Together, these findings underscore the necessity of capturing the full volatility distribution,
including VOC:s, for accurately modeling gas-particle partitioning in complex aerosolized

systems.
ATMOSPHERIC IMPLICATIONS

DBOA emissions containing significant fractions of RNOCs revealed in this report may
influence atmospheric chemistry and public health through their high atmospheric reactivity.
Semi-volatile RNOCs evaporated from DBOA in aged plumes readily undergo gas-phase
oxidation by atmospheric oxidants such as ozone, hydroxyl radicals, and nitrate radicals, forming
a variety of secondary nitrogen-containing products (including organonitrates, nitrosamines, and
nitramines) some of which exhibit greater toxicological potency than their parent compounds.5°-33-
87 These oxidation processes can also release reactive nitrogen species such as NO,, nitrous acid,
and nitric acid, thereby reintroducing reactive nitrogen into the atmosphere.?3-8-0 Conversely, the
formation of stable organonitrates that repartition into the particle phase can serve as temporary
sinks or reservoirs for NO,, impacting the atmospheric nitrogen budget.”' 3 In addition, oxidized
RNOC:s can contribute to new particle formation and the growth of nitrogen-enriched secondary
organic aerosol, potentially influencing cloud condensation nuclei concentrations.’*?> Their
uptake onto wet aerosol particles, cloud, or fog droplets may also perturb acid—base equilibria in
aerosol water.”*® Many heterocyclic RNOCs act as photosensitizers, facilitating surface-
mediated photochemistry in aerosols and aqueous phases.””!% While RNOCs are typically
considered as short-lived BrC chromophores due to their susceptibility to photobleaching,!0:102
some RNOCs have been shown to increase light absorption upon aging in the presence of NO,,
potentially enhancing the optical properties of aged DBOA emissions.?® Collectively, these
processes influence atmospheric oxidant levels, radiative forcing, nitrogen cycling, and air quality
— particularly in regions impacted by dung-burning emissions.!!:15698487 Detailed chemical

characterization of DBOA is vital for improving assessments of their environmental and public
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health impacts and to support the development of effective mitigation strategies in affected

communities.

Chemical characterization of thermal degradation products formed under pyrolytic
conditions reveals key precursor compounds and structural motifs, such as RNOCs and oxygenated
aromatics, that will further transform under oxidative environments. Identification of these core
molecular species in pyrolytic DBOA and their volatility profiles provides a mechanistic
foundation for modeling predictions of their evolution during smoldering and flaming burning,
where oxygen availability and higher temperatures drive radical chemistry reactions leading to
oxidation, nitration, and fragmentation. Understanding the precursors formed under pyrolysis thus
provides a mechanistic basis for reconstructing more complex emission profiles and for tracking
transformation pathways of key emitted products. Such knowledge may guide the design of future
burning experiments, inform fuel- and regime-specific parameterizations, and facilitate prediction
of BrC reactivity and transformations, radiative forcing, and public health impacts in regions

affected by DBOA emissions.

ASSOCIATED CONTENT

Supplemental Note A and Figure S1 show the starting dung cake starting materials and describe
the details of generating the DBOA mixture. Supplemental Note B and Figure S2 explain the
steps taken to estimate OC mass-to-sample mass ratios in the two samples. Supplemental Note C
provides a detailed summary of the operative parameters set to conduct HPLC-PDA-HRMS
analysis. Supplemental Note D and Figure S3 outline the A4F linear curve fitting analysis for the
two mixtures. Supplemental Note E and Figure S4 provide details on EIC generation using
MZmine 2.53 and representative ESI/APPI(+/—) high-resolution mass spectra for DBOA and
WBOA mixtures. Figures S5—S6 present comparative analyses of shared and unique masses
detected in ESI(+), APPI(+), and both modes. Supplemental Note F describes the procedures
taken to characterize major BrC chromophores present in the DBOA and WBOA mixtures.
Figure S7 displays HPLC-PDA chromatograms depicting the assigned PDA features of special
focus in this study. Figures S8—S10 illustrate assigned PDA features and corresponding EICs for
DBOA, Fraction A WBOA, and Fraction B WBOA mixtures. Tables S1—S2 outline PDA feature
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retention times, experimental UV-Vis absorbance spectra, observed m/z values, and plausible
structures of BrC chromophores and reference compounds for DBOA and WBOA, respectively.
Supplemental Note G provides details on general molecular trends for the DBOA and WBOA
samples. Figure S11 illustrates DBE distributions of all species in ionization modes. Figure S12
conveys comparative analyses of species and potential BrC chromophores detected in APPI(+)
mode for both samples. Figure S13 displays VK diagrams of detected DBOA and WBOA
components. Supplemental Note H outlines the sequence of calculations followed to generate
VBS diagrams of the two mixtures. Figures S14—S15 convey the concentration-driven and
temperature-driven gas-particle partitioning behaviors for both mixtures. Figure S16 illustrates

additional two-dimensional heatmaps to visualize upper-limit partitioning trends.
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