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Abstract. Biomass combustion is an important source of black carbon (BC), yet the phase-resolved molecular patterns 

accompanying black-carbon evolution remain poorly constrained. In particular, detectable molecular signal abundance 

may not track black-carbon concentration across combustion conditions. Here, we investigated how detectable 20 

molecular profiles covary with BC by combining real-time measurements from a proton transfer reaction time-of-

flight mass spectrometer (PTR-TOF-MS), for both gas-phase and particle-associated organics, with simultaneous 

aethalometer (AE-33) BC readings. Experiments were conducted across two biomass fuels (wheat straw and poplar 

wood) and three ignition temperatures (300, 500, and 700 °C). More than 200 retained nominal-m/z features were 

classified, and a prespecified block-level screen selected four BC-associated marker families, including furan-ring 25 

fragments, oxygenated aromatic, single-ring aromatic (SRA), and polycyclic aromatic hydrocarbons (PAHs), 

represented by 12 molecular markers. Particle-associated family signals show stronger within-event associations with 

BC (median block-level Spearman ρ = 0.86–0.92) than corresponding gas-phase signals. Particle-phase molecular 

profiles improve out-of-experiment BC prediction, increasing R² from 0.29 to 0.56 beyond a baseline model containing 

fuel, ignition temperature, and modified combustion efficiency. However, increasing ignition temperature enhanced 30 

BC production without a proportional increase in detectable BC-linked marker abundance, indicating a temperature-

driven shift from precursor accumulation toward a more conversion-dominated regime. The molecular changes 

accompanying BC enhancement were fuel-specific, reflecting distinct marker compositions. These findings suggest 

that biomass BC formation is influenced not simply by detectable marker signal, but by temperature-dependent 

transformation of fuel-specific molecular pools, providing new constraints for interpreting molecular precursors in 35 

biomass-derived BC formation. 
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1. Introduction 

Black carbon (BC) is a key component of fine particulate matter with well-documented impacts on climate 40 

forcing, visibility degradation, and public health (Janssen et al., 2011; Bond et al., 2013; IPCC, 2021). Among its 

global sources, biomass combustion, including agricultural residue burning and residential biofuel use, represents one 

of the largest and most variable contributors (Bond et al., 2013; Gustafsson et al., 2026). Despite decades of research, 

the molecular-level processes that govern BC formation from such chemically heterogeneous fuels remain poorly 

constrained. Reducing BC emissions from biomass burning thus requires not only improved emission inventories but 45 

also a mechanistic understanding of how fuel-derived molecular emissions evolve into BC under different combustion 

conditions. 

Our current mechanistic understanding of BC formation is largely derived from high-temperature flame studies 

using simple gaseous or liquid fuels. In these systems, soot BC formation is commonly described through gas-phase 

aromatic growth and radical-mediated inception pathways, including hydrogen-abstraction–carbon-addition (HACA), 50 

phenyl-addition/cyclization (PAC), resonance-stabilized radical (RSR) chemistry, and subsequent polycyclic aromatic 

hydrocarbon (PAH) growth, clustering, surface growth, and aggregation (Wang, 2011; Atiku et al., 2017; Johansson 

et al., 2018; Hussain et al., 2024). Recent studies have further revealed the importance of resonance-stabilized radicals 

and molecular clustering during soot inception (Wang et al., 2025). However, whether these frameworks fully describe 

the complex molecular evolution occurring during biomass combustion remains unclear. 55 

Biomass fuels introduce additional complexity because their cellulose-, hemicellulose-, and lignin-derived 

components generate diverse oxygenated, aromatic, and PAHs during thermal decomposition (Smith et al., 2020; Zhu 

et al., 2022; Wang et al., 2023; Zhao et al., 2024; Li et al., 2025; Sun et al., 2026). Both low-maturity char-associated 

BC and high-maturity soot-like BC can form during biomass combustion, and their relative contributions vary with 

fuel type, ignition temperature, and combustion stage (Han et al., 2021, 2022). Although previous studies have 60 

emphasized aromatic precursor formation and PAH growth pathways (Frenklach, 2002; Johansson et al., 2016), it 

remains unclear whether enhanced BC production primarily reflects increased precursor availability or more efficient 

transformation of existing molecular pools. Moreover, biomass combustion simultaneously produces gas-phase 

intermediates and condensed-phase organic materials (Heringa et al., 2012; Li et al., 2025), yet the relative roles of 

these molecular pools in BC formation remain poorly constrained. A phase-resolved and fuel-specific molecular 65 

framework is therefore needed to determine how combustion conditions reorganize molecular signatures associated 

with BC formation. 

Here, we combined phase-resolved PTR-TOF-MS measurements with simultaneous BC observations to establish 

a phase-resolved molecular framework for investigating biomass BC formation across fuel type and ignition 

temperature. Specifically, we attempt to address three questions: (1) which molecular families in gas and particle 70 

phases are most consistently associated with BC evolution; (2) whether detectable marker signals scale with the BC 

temperature response; and (3) whether these molecular patterns differ between straw and wood. By linking molecular 

composition with BC production across phases, fuels, and temperatures, this study provides new constraints on the 

transformation processes influencing the biomass-derived BC formation. 
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2. Materials and methods 75 

2.1 Experimental setup 

Combustion experiments were conducted using a laboratory-scale combustion system, including a controlled 

commercial tube furnace (SK‑G06123K‑HS, Tianjin Zhonghuan Furnace Co., Ltd., China) and dilution device. Four 

datasets were collected by batch combustion of wheat straw and poplar wood (two biomass fuels widely used for 

residential heating and cooking), covering two fuel types × two phases (gas and particle) × three ignition temperatures 80 

(300, 500, and 700 °C), which span the smoldering-to-flaming transition (Cui et al., 2023; Zhang et al., 2026). Each 

temperature segment lasted 30–45 min with 1-min resolution, yielding approximately 25 valid time points per 

condition-temperature stratum and > 500 time-resolved measurements in total. 

The furnace chamber has a diameter of 60 mm and a total length of 1000 mm. Approximately 1–2 g of biomass 

was loaded into the ignition zone once the furnace reached the target temperature, and combusted for 20–30 min. The 85 

generated flue gas was diluted ~50-fold with clean compressed air via a dilution channel sampler to simulate actual 

flue gas emission conditions, then passed through a buffer tank for thorough mixing and cooling before being directed 

to downstream instruments. 

Real-time analysis was performed using a proton transfer reaction mass spectrometer (PTR-TOF-MS, Model 

2000; Ionicon Analytik GmbH, Austria) and an aethalometer (AE33, Magee Scientific). The modified combustion 90 

efficiency (MCE) was calculated as MCE = ΔCO₂/(ΔCO + ΔCO₂) based on simultaneous CO and CO₂ measurements 

to characterize the combustion phase (Christian et al., 2003). Prior to each experiment, instruments were calibrated 

and the system was purged with clean air for at least 1 h to remove residual flue gas and ensure low background levels 

(BC < 100 ng m⁻³, CO < 0.2 ppm, CO₂ < 170 ppm). Most combustion conditions were tested in duplicate, and the 

variation trends of pollutants at a given temperature were consistent across replicates, confirming the reproducibility 95 

of the experimental setup. 

2.2 VOCs and BC measurements  

Gas-phase VOCs and organic signals thermally desorbed from sampled particles were measured by PTR-TOF-

MS and a Chemical Analysis of Aerosol On-line (CHARON)–PTR-TOF-MS, respectively, with H3O+ as the reagent 

ion. The instrument was operated at a drift tube pressure of 2.5 mbar, drift voltage of 600 V, and temperature of 80 °C, 100 

resulting in an E/N ratio of approximately 140 Td. Mass spectra were recorded in the range m/z 15-300 with a time 

resolution of 1 Hz. Prior to the experiments, calibration of the instrument is conducted using a Compendium Method 

TO-15 mixed standard gas, which involves zero-air generation and dilution of the standard gas. The gas mixture 

contains 65 components, including propene, acrolein, acetone, benzene, toluene, 1,2,4-trichlorobenzene, among others 

(Zhang et al., 2025). Due to the chemical complexity of VOCs from biomass burning, complete calibration of all 105 

species was not feasible in our experiments. Nevertheless, the relative transmission efficiencies of H3O+ and MH+ ions 

(M = organic compound) through the drift tube and mass spectrometer were estimated from transmission efficiency 

curves. Before each experiment, mass calibration was performed with H₃O+ (m/z 21.0223) and CH₃COCH₄⁺ (m/z 

59.0490). The observed m/z drifts were minimal, confirming that the mass calibration was adequate for all target 

compounds (Bruns et al., 2016; Sheng et al., 2018). The raw PTR signals were converted to concentrations (ppb) 110 
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based on the reaction rate constant (k) of each compound in the drift tube (Cappellin et al., 2012). For the remaining 

unassigned ions, a default k value of 2×10-9 cm3 s-1 was adopted following previous studies (Bruns et al., 2016; 

Hartikainen et al., 2018). To focus on chemically interpretable organic markers, ions below m/z 40 were excluded. 

The detailed configuration and connection of the CHARON system have been described previously (Eichler et al., 

2015). Briefly, the flue gas was drawn through a filter equipped with an activated‑carbon denuder, which removed 115 

gaseous organic compounds without affecting the particle mass. Subsequently, an aerodynamic lens was employed to 

enrich the particle concentration in the PTR‑TOF-MS sample flow by approximately 25.6‑fold, and the subsample 

flow was then heated to approximately 160 °C to thermally desorb detectable particulate organics (Eichler et al., 2015; 

Müller et al., 2017).  

Overall, > 200 VOC species were identified and mapped to eight broad chemical classes based on molecular 120 

structure and functional groups: N-containing compounds, furan-ring fragments, hydrocarbons (CxHy), carbonyls 

(including acids and esters), SRA, PAHs, oxygenated aromatics, O-containing compounds, and Others. It is noted that 

PTR-TOF-MS cannot distinguish isomers, and some m/z values may have multiple contributions.  

Particle-phase BC was measured using a seven-wavelength aethalometer operating at 370, 470, 520, 590, 660, 

880, and 950 nm, with real-time loading compensation. The instrument uses the dual-spot technique to compensate 125 

for filter loading effects. BC mass concentrations were determined at 880 nm using a mass absorption cross-section 

(MAC) of 7.77 m2 g-1 (Petzold et al., 2013), with time resolution set to 1 min. Prior to each experiment, zero checks 

and flow rate calibrations were performed to ensure proper instrument performance. The detection limit of the AE‑33 

was ~ 1 ng m-3. In addition, gas analyzers for CO (Model 48i, Thermo Scientific, USA) and CO₂ (Model 410i, Thermo 

Scientific, USA) were employed to monitor the concentration changes of relevant gases during biomass burning in 130 

real time. 

2.3 Statistical workflow 

The statistical framework was designed to resolve species-level VOC–BC associations while accounting for the 

hierarchical structure of the experimental design. The primary analytical unit is an event block, defined as a unique 

combination of fuel, sampling phase, replicate experiment, and ignition temperature, resulting in 21 valid blocks across 135 

the four fuel–phase combinations and three ignition temperatures. Within each block, Spearman rank correlations (ρ) 

were computed between each VOC species and BC across ~25 time points, then aggregated across blocks using 

median values to obtain cross-condition associations. 

To identify core BC-associated marker families, we applied the selection criteria: (i) median |ρ| ≥ 0.7 across 

blocks, (ii) representation by at least two species within a chemical class. Marker selection was then conducted only 140 

within the retained core families. More detail for the classification and the sensitivity test can be found in Text S1. 

Temperature-normalized responses were computed by normalizing median signals at each temperature to the 300 °C 

baseline. The BC-marker ratio is defined as log(BC/Σcore marker signal), serving as an operational metric of BC 

production efficiency relative to detectable marker abundance. 

To independently assess whether phase-resolved molecular profiles contained BC-relevant information beyond 145 

ignition temperature, fuel type, and MCE, we fitted Ridge regression models and evaluated them using nested leave-
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one-experiment-out cross-validation. BC concentrations were natural-log transformed before model fitting because 

their distributions are strongly right-skewed and showed increasing variance at higher concentration levels. The 

response variable is ln(BC), and the baseline model included ignition temperature, fuel identity, and MCE. Molecular 

models additionally included total VOC signal, broad chemical-class signals, the core BC-associated marker families, 150 

the selected markers, or all annotated ions. In each outer validation fold, all observations from one combustion 

experiment were withheld from model fitting and used exclusively for external evaluation. Partial least-squares 

regression was used as an independent sensitivity analysis. A within-block circular-shift permutation test was further 

performed to assess whether the predictive improvement depended on the temporal alignment between molecular 

profiles and BC. Detailed model specifications and sensitivity analyses are provided in Text S2. 155 

3. Results and discussion 

3.1 Temperature responses of BC and molecular composition 

Figure 1 provides an integrated overview of BC emissions and concurrent VOC compositions across the four 

experimental conditions from 300 to 700 °C. It can be seen that BC concentrations increase with ignition temperature 

across both biomass fuels, with median values rising from 209–430 ng m⁻³ at 300 °C to 818–896 ng m⁻³ at 700 °C. 160 

The distributions become increasingly right-skewed at 700 °C, particularly in Wood-Gas (mean = 9, 742 ng m⁻³, 

median = 818 ng m⁻³) and Straw-Particle (mean = 6, 910 ng m⁻³, median = 896 ng m⁻³), indicating enhanced variability 

under high-temperature combustion conditions. These observations are consistent with previous studies showing 

increased BC emissions and episodic high-emission events during more intense biomass combustion conditions (Han 

et al., 2021, 2022). 165 
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Figure 1. Temperature responses of BC and VOC class composition across fuel type and sampling phase. (a) Distributions 
of BC concentrations for wheat straw and poplar wood in gas- and particle-phase experiments at ignition temperatures of 
300, 500, and 700 °C. Boxes indicate the interquartile range, center lines indicate medians, whiskers indicate 1.5× the 
interquartile range, and points represent individual time-resolved observations. Relative contributions of VOC broad 170 
classes in the (b) gas phase and (c) particle phase. 

In contrast to the monotonic increase in BC, total VOC signals show non-monotonic temperature responses 

(Figure S1), suggesting that BC enhancement is not simply accompanied by greater detectable organic emissions. 

Instead, ignition temperature strongly changes the molecular composition. As shown in Figure 1b, the overall 

distribution of the broad-class VOCs (including > 200 detected species) is consistent with previous biomass-burning 175 

observations, in which aromatic hydrocarbons, phenolic compounds, and furan-ring fragments are among many 

important compound classes (Stockwell et al., 2015). In the gas phase, carbonyl compounds dominated across all 

conditions (45-67% of cumulative signal), followed by N-containing species (14-23%) and CxHy hydrocarbons (8-

16%). The carbonyl fraction decreases with increasing temperature (67% at 300 °C to 45% at 700 °C for straw), while 

N-containing and SRA fractions increase, reflecting progressive thermal decomposition of nitrogenous biomass 180 

components and aromatization at higher temperatures. For example, Wood-Gas maintains relatively stable total VOC 
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signals across temperatures while the SRA fraction increases approximately six-fold from 300 to 700 °C, suggesting 

substantial compositional restructuring rather than simple emission enhancement. This trend is consistent with 

temperature-driven decomposition and deoxygenation of lignin-derived oxygenated compounds, leading to 

enrichment of less oxygenated aromatic species at higher temperatures (Zhu et al., 2022).  185 

The particle phase exhibits a distinct molecular composition compared with the gas phase. Carbonyl compounds 

remained abundant (32-50%), while N-containing compounds represents a larger fraction (30-36%), particularly for 

straw combustion. Furans-related signals account for 2-5% of particle-phase molecular abundance, with slightly 

higher contributions in wood than straw. These phase-dependent differences indicate that thermal conditions regulate 

not only the total abundance but also the molecular organization of condensed organic material associated with BC 190 

formation. 

3.2 Phase-resolved BC-associated molecular families and markers 

The monotonic increase in BC with temperature, contrasting with the non-monotonic trends of VOC signals, 

reflects that BC formation is not uniformly linked to all VOC classes. Instead, reproducible event-profile coupling is 

concentrated in a subset of biomass-derived molecular families. Four of these classes were identified as core BC-195 

associated marker families: furan-ring fragments, oxygenated aromatic, SRA, and PAH (Fig. 2a and Table S1). Rather 

than representing independent precursors, these molecular families represent particle-phase compositional states 

associated with BC evolution. The same four-family marker set is retained across the tested threshold grid (Text S1). 

O-containing and CxHy classes also show high coupling in some summaries, but no marker species meet the same 

coverage criteria; their effective block coverage was lower (13 blocks; Table S1).  200 

The phase-resolved analysis further shows that particle-phase molecular profiles provide a stronger BC-relevant 

signal than gas-phase VOC profiles. Across the four core families, median particle-phase Spearman correlations (ρ = 

0.86–0.92) with BC are uniformly high and stable, whereas gas-phase correlations are weaker and, for SRA and PAH 

markers, close to zero or negative in the median summary (Figure 2a). The particularly weak gas-phase associations 

of SRA and PAH indicate that their BC-relevant information is expressed primarily in particle-associated profiles. 205 

This pattern may arise from several nonexclusive processes, including shared combustion-stage dependence, gas–

particle partitioning, transformation of semi-volatile material, and incorporation of oxygenated or aromatic species 

into BC-containing particles. 
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Figure 2. Phase-resolved molecular associations with BC. (a) Gas- and particle-phase median coupling for the four selected 210 
core families. Error bars show bootstrap intervals across available blocks. (b) Gas- and particle-phase median block 
correlations for the 12 representative markers selected by the rules in Tables S1-S2. 

Gas-phase molecular composition nevertheless changes substantially with ignition temperature. For straw, the 

furans-related signals contribution to the four-family gas-phase pool decreases from ~60% at 300 °C to ~20% at 

700 °C, while the SRA fraction increases from ~10% to ~40% (Figure S2). Wood shows a weaker but similar 215 

redistribution: furans-related signals decreases from ~40% to ~10% and SRA increases from ~15% to ~35%. These 

shifts are broadly consistent with previous biomass studies reporting a temperature-dependent redistribution from 

oxygenated products toward more aromatic products, including increased PAH contributions at elevated temperatures 

(Zhu et al., 2022; Zhao et al., 2024; Li et al., 2025) . In particle-phase emissions, the four core families together 

account for 6.8–12.9% of the total retained molecular signal. Although they represent only a limited fraction of the 220 

detected particle-phase composition, their relative contributions are highly structured: furans-related signals is 

consistently the largest component, accounting for 28–42% of the core-family pool across conditions (Figure S3). The 

prominence of furans-related signals is qualitatively consistent with flame studies reporting furanic and other 

oxygenated functionalities in incipient soot, although direct comparison should be made cautiously because those 

studies examined controlled hydrocarbon flames rather than biomass combustion (Johansson et al., 2016) . 225 

To determine whether these family-level associations are supported by individual molecular features, three 

representative markers are selected from each core family based on complete block coverage, consistent particle-phase 

BC coupling, and relative signal abundance (Table S2 and Figure S4). Their median particle-phase correlations with 

BC range from 0.75 to 0.89, whereas the corresponding gas-phase correlations are weaker and more variable, ranging 

from −0.11 to 0.46 (Figure 2b). The coherence of particle-phase coupling at both the family level and the individual-230 

marker level supports the use of these features as a reproducible, phase-specific marker representation of within-event 

BC variation. Ridge regression shows that the addition of the four core-family signals increase the leave-one-

experiment-out R2 from 0.29 to 0.56 for particle-phase data and reduces the log-scale mean absolute error from 0.86 

to 0.65 (Figure S5). In contrast, adding the same molecular representation does not improve gas-phase prediction. 

These results indicate that the four particle-phase core families contain reproducible information on BC-associated 235 

event evolution beyond that provided by temperature, fuel type, and MCE. 
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3.3 Temperature-dependent marker-BC divergence 

The normalized response analysis reveals a clear divergence between BC concentration and summed detectable 

core-marker signal along the ignition-temperature gradient. Across fuel–phase conditions, BC increases much more 

strongly than the summed core marker signal from 300 to 700 °C (Figure 3a). This divergence is most evident in the 240 

particle phase. For straw particles, median BC increases by more than fourfold from 300 to 700 °C, whereas the 

summed particle-phase core marker signal remains close to its 300 °C level. For wood particles, BC increases 

progressively with temperature, while the detectable core marker pool declines. Gas-phase profiles exhibit more fuel-

dependent behavior: straw gas-phase core markers partially recover at 700 °C, whereas wood gas-phase core markers 

remain below their 300 °C level. Therefore, elevated ignition temperature does not simply expand the detectable pool 245 

of BC-linked molecular markers; rather, it alters the relationship between detectable marker signal and BC formation. 

 
Figure 3. Divergence between detectable core-marker signal and BC concentration across ignition temperature. (a) 
Temperature-normalized responses of BC and summed core marker signals across fuel–phase conditions. Values are 
normalized to the corresponding 300 °C median for each condition. (b) Paired 700–300 °C contrasts for individual core 250 
marker families. (c) Temperature dependence of the BC-marker ratio. 

The class-specific 700–300 °C contrasts further show that this decoupling is distributed across multiple molecular 

families rather than being driven by a single class (Figure 3b). BC increases strongly across all fuel–phase conditions, 

with positive Δlog BC values, whereas total core marker detectable signal abundance changes weakly or declines. 

10
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Furans and oxygenated-aromatic signal abundance generally decreases or fails to increase with temperature, especially 255 

in the particle phase. The concurrent depletion of detectable furans-related markers and enrichment of SRA signals 

observed here is therefore consistent with enhanced aromatic-growth chemistry, although direct conversion of furans-

derived carbon into BC was not established. Previous studies indicate that furans compounds can undergo ring-

opening and fragmentation pathways that generate small unsaturated species and resonance-stabilized radicals, which 

subsequently contribute to the formation of benzene, substituted monoaromatics, and larger PAHs (Tran et al., 2015; 260 

Cheng et al., 2017). PAH markers, in contrast, show the weakest temperature response among the four families. This 

muted behavior suggests two possibilities: PAH growth toward higher molecular weights may occur below the 

detection threshold of our m/z range, or PAH incorporation into BC particles may be sufficiently rapid to prevent 

accumulation in either phase. 

The BC-marker ratio increases with ignition temperature across all four fuel–phase conditions (Figure 3c), 265 

indicating that BC accumulation increasingly outpaced the detectable marker pool. Its increase may reflect faster 

turnover of molecular intermediates, redistribution between phases, formation of compounds outside the measured 

m/z range, or incorporation into less volatile carbonaceous material. These processes are broadly consistent with 

established pathways of aromatic growth and soot-particle evolution, but their relative contributions cannot be 

resolved by the present measurements (Frenklach, 2002; Zhu et al., 2022; Shao et al., 2023; Li et al., 2025). The 270 

observed pattern may also be viewed in light of the distinct char BC and soot-BC formation pathways reported for 

solid-fuel combustion, whose relative importance varies with fuel composition, combustion temperature, and 

combustion stage (Han et al., 2022). 

This interpretation refines, rather than contradicts, the marker-BC linkage identified in Figure 2. The apparent 

marker-BC divergence may therefore be interpreted as evidence for a temperature-driven fate shift. In this framework, 275 

furans and oxygenated-aromatic markers should not be interpreted simply as soot promoters or inhibitors. Under 

oxygen-rich or additive-modified conditions, oxygenated species may suppress soot BC by enhancing oxidative 

fragmentation (Xu et al., 2022; Hussain et al., 2024), whereas in biomass combustion they may also represent oxygen-

rich intermediates or particle-associated structures involved in char-like BC formation (Johansson et al., 2016). 

3.4 Fuel-specific molecular composition and BC-associated diagnostics 280 

Figure 4 examines whether fuel type changes the magnitude of particle-phase BC-associated marker signals. 

When integrated across ignition temperatures, wood exhibited higher signals than straw for all four core families, but 

the magnitude of enrichment differed among families (Figure 4a). Furans-related signals shows the strongest 

wood/straw enrichment, followed by oxygenated aromatics, SRA, and PAHs. The temperature-resolved compositions 

show a consistent contrast: straw retains a comparatively balanced four-family pool, whereas wood remains more 285 

furans-rich and has a smaller relative PAHs contribution across 300–700 °C (Figure 4b). Thus, fuel type does not 

simply scale a common particle-phase molecular profile; it alters the relative organization of the BC-associated core-

family pool. This fuel contrast is chemically plausible given the distinct but overlapping products generated from 

lignocellulosic components. Thermal decomposition of cellulose, hemicellulose, and lignin produces different 

mixtures of furans, phenolic, oxygenated-aromatic, and PAHs-related products, whose distributions vary with 290 

11
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temperature and combustion conditions (Zhu et al., 2022; Wang et al., 2023; Romanias et al., 2024; Li et al., 2025). 

Bulk lignocellulosic composition alone, however, cannot explain the observed particle-phase profiles. Fuel-dependent 

volatilization, secondary reactions, gas-particle partitioning, and retention of semi-volatile material may also 

contribute. Because these processes are not resolved separately, our results are best interpreted as evidence of fuel-

specific molecular organization rather than direct allocation of cellulose-, hemicellulose-, or lignin-derived carbon. 295 

 
Figure 4. Fuel-dependent composition of the particle-associated BC-marker pool. (a) Wood/straw log2 fold changes in 
cumulative particle-phase signal abundance of the four core marker families. (b) Temperature-resolved wood–straw 
differences in four-family core-pool composition. 

Given this fuel dependence, we next tested whether composition-based diagnostics could nevertheless provide a 300 

common indicator of BC enhancement across the two fuels (Figure 5a). None of the evaluated ratios show a strong 

and consistent relationship with BC in both the pooled and fuel-stratified analyses. The oxygenated-aromatics/furans 

ratio shows the strongest pooled association and remained positively related to BC in both fuels. Its temperature 

response is more obvious for wood, for which the ratio increases from 300 to 500 °C and then changes little (Figure 

5b). Its increase may result from both the oxygenated-aromatic enrichment and furans depletion as discussed in the 305 

above section. It should therefore be interpreted as an empirical measure of compositional redistribution within the 

core-family pool. 

The high-/low-m/z PAH ratio exhibits a different fuel dependence, increasing progressively with temperature in 

straw but changing little in wood. This pattern indicates redistribution toward higher-m/z features within the detectable 

PAH pool for straw, but it does not directly demonstrate PAH molecular growth, increasing ring number, or soot 310 

maturation. The aromatic-advancement, PAH/oxygenated-pool, and indene/PAH ratios similarly show only moderate 

pooled associations or inconsistent fuel-specific behavior. Although PAH growth and resonance-stabilized radicals, 

including indenyl, are mechanistically important in soot-inception studies, ratios derived from detected products do 

not necessarily track the controlling chemistry of BC formation in complex biomass emissions (Frenklach, 2002). 

Overall, fuel identity constrains both the molecular expression of BC-associated particle states and the transferability 315 

of composition-based diagnostics. The full multivariate molecular profile therefore provides a more robust description 

of BC-associated variation across fuels than any single diagnostic ratio. 
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Figure 5. Fuel-dependent particle-phase molecular diagnostics associated with BC. (a) Block-level Spearman correlations 
between five mechanistically motivated molecular diagnostics and BC, calculated for all particle-phase blocks and 320 
separately for straw and wood combustion. (b) Temperature responses of the two selected diagnostics: log10 (oxygenated 
aromatics/furans) and log10 (high-m/z PAHs/low-m/z PAHs). High- and low-m/z PAHs were operationally separated at 
nominal m/z = 179 (ref: 2-3 rings for low MW PAHs; 4-6 rings for high MW PAHs) (Wang et al., 2023).  

4. Implications and limitations  

This study shows that BC-associated molecular signals during biomass combustion are varied with fuel type, 325 

ignition temperature, and sampling phase. Four molecular families display reproducible associations with BC in 

particle-phase emissions, whereas their gas-phase relationships are weaker and more fuel dependent. Moreover, BC 

increased more strongly with ignition temperature than the detectable core-marker pool. Together, these results 

indicate that higher BC production cannot be explained solely by greater abundance of detectable molecular markers. 

Instead, ignition temperature appears to reorganize the phase distribution and detectable expression of oxygenated and 330 

aromatic molecular pools. This interpretation complements classical soot-formation frameworks, which primarily 

describe aromatic growth, particle inception, and surface growth in high-temperature flames of relatively simple fuels 

(Frenklach, 2002; Wang, 2011; Altarawneh and Ali, 2024). The present results extend this perspective to chemically 

heterogeneous biomass combustion by identifying fuel- and phase-dependent molecular states associated with BC 

evolution, while not resolving the underlying reaction pathways directly. 335 

These molecular observations may also help explain the large variability in biomass-burning BC emission factors. 

Current inventories generally classify emissions according to fuel type and combustion characteristics, but the 

molecular processes underlying variations within these categories remain poorly constrained (Andreae and Merlet, 

2001; Akagi et al., 2011; Van Der Werf et al., 2017) . The observed separation between BC accumulation and 

detectable marker abundance provides a potential molecular basis for nonlinear BC responses to changing combustion 340 

conditions. However, the present experiments were not designed to derive fuel-normalized emission factors or 

inventory-ready parameterizations. Translating the observed relationships into atmospheric models will require 

coordinated measurements of fuel consumption, BC emission factors, combustion efficiency, and phase-resolved 

molecular composition across continuous temperature and oxygen gradients and a wider range of fuels. 
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Several constraints of the present study should be acknowledged. First, molecular assignments are based on 345 

nominal-m/z PTR-TOF-MS annotations and therefore include structural and isomeric ambiguity; the identified species 

should be interpreted as representative markers of broader molecular families rather than uniquely resolved 

compounds. Second, the detectable marker pool represents only part of the molecular material associated with BC 

formation. The m/z range (40–300) does not capture high-molecular-weight PAHs and non-volatile oligomeric species 

that may contribute to particle inception and growth. Third, the analysis is based on observational event-profile 350 

coupling across a finite number of experimental blocks in a laboratory tube furnace, which provides controlled and 

reproducible conditions but does not fully replicate the temperature gradients, oxygen variability, and fuel 

heterogeneity of open or residential biomass burning. 
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