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are potentially applicable to further studies on EEM-based or molecular 51 

characteristic-based source apportionment of chromophores in atmospheric aerosols. 52 

53 
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a solariX XR FT-ICR MS (Bruker Daltonics GmbH, Bremen, Germany) equipped 229 

with a 9.4-T superconducting magnet and an ESI ion source. The system was operated 230 

in negative ionization mode. The ion accumulation time was set to 0.6 s. The lower 231 

and upper mass limit was set to m/z 150 and 800 Da, respectively. The mass spectra 232 

were externally calibrated with arginine clusters using a linear calibration and then 233 

internally recalibrated with typical O6S1 class species peaks using quadratic 234 

calibration in DataAnalysis ver. 4.4 software (Bruker Daltonics). A typical 235 

mass-resolving power >450 000 at m/z 319 with <0.2 ppm absolute mass error was 236 

achieved. The mass spectra of field blank filters were was analyzed to detect possible 237 

contamination following the same procedures. More data processing was presented in 238 

S1 of the supplementSupplement.  239 

2.5 PARAFAC analysis for EEM spectra 240 

PARAFAC analysis with non-negativity constraints was used to explore the 241 

fluorescent components in dissolved BrC based on the method established by Murphy 242 

et al the previous studies (Murphy et al., 2013;Andersson and Bro, 2000), which was 243 

performed using drEEM toolbox version 2.0 using a MATLAB software 244 

(http://models.life.ku.dk/drEEM). This method had been widely applied used to in the 245 

analysis of fluorescence spectra in aerosols (Chen et al., 2016b;Chen et al., 246 

2016a;Matos et al., 2015;Wu et al., 2019). Absorbance measurements was were used 247 

to correct the EEM for inner filter effects (IFE) according to the previous studies 248 

(Luciani et al., 2009;Gu and Kenny, 2009;Fu et al., 2015). The highest light 249 

absorbance in the calibrated wavelength range of WSOC and MSOC was not greater 250 

than 2 (mostly below 1 at 254 nm), which is was appropriate for the inner filter 251 

corrections of the EEMs (Gu and Kenny, 2009;Murphy et al., 2013). Each EEM was 252 

normalized to the Raman peak area of purified water collected on the same day to 253 

correct fluorescence in Raman Units (RU) at excitation 350 nm and corrected for the 254 

dilution factor (Murphy et al., 2013;Murphy et al., 2010). Additionally, the signals of 255 

the first-order and second-order Rayleigh and Raman scattering in the EEM were 256 

removed by an interpolation method (Bahram et al., 2006). Repeated convergence of 257 
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anthracite combustion aerosols. At there, Here, we introduced the EC/OC ratios, 287 

which could be used as an indicator of fire conditions (Xie et al., 2017). Figure S8 288 

showed the MAE365 of WSOC vs. EC/OC relationships for all BB and CC aerosols. 289 

The data clearly showed that the WSOC light absorption of BB aerosols was 290 

dependent on the burncombustion conditions. However, weak relationship (p>0.05) in 291 

CC aerosols suggested another factor may might influence the light absorption, such 292 

as maturity (Li et al., 2018). Compared to WSOC, higher MAE365 values were 293 

observed in the MSOC collected from BB (2.3 ± 1.1 m2 g-1C) and bituminous CC (3.2 294 

± 1.1 m2 g-1C) aerosols. This could be due to the fact that these strongly 295 

light-absorbing fat-soluble components are likely to be large molecular weight PAHs, 296 

and quinones from BB and fossil fuel combustion (Sun et al., 2007;Chen and Bond, 297 

2010), which were more soluble in low low-polarity solution, but we obtained the 298 

opposite results in the case of anthracite combustion and vehicle emissions.  299 

The MAE365 of WSOC in this study was compared with the other studies (Figure 300 

1). The BB aerosols in this study had a higher MAE365 value than those in other 301 

controlled BB experiments, while it was comparable to corn straw burning emissions 302 

(Park and Yu, 2016;Fan et al., 2016). BesidesFurther, the simulated BB aerosols 303 

exhibited a higher MAE365 values than those in highly BB-impacted areas (Hecobian 304 

et al., 2010), indicating the aging in the transport process could reduce the light 305 

absorption (Dasari et al., 2019). The CC aerosols showed a higher MAE365 value than 306 

the other coal experiments (Li et al., 2018;Fan et al., 2016), while a comparable 307 

values to water-soluble BrC was were observed in winter of Beijing (Cheng et al., 308 

2011;Yan et al., 2015). The result indicated the strong influence of BrC in this season 309 

in this region. BesidesIn addition, the simulated combustion aerosols in this study 310 

exhibited higher MAE365 values than the other areas (such as Guangzhou, Nanjing, 311 

Los Angeles, Korea, Nepal, and so on) (see Figure 1).    312 

Methanol has a lower polarity than water and can extract the water-insoluble 313 

compounds that are generally stronger chromophores. Chen et al., (2017b) extracted 314 

organic matters in aerosols using different polar solutions, and they found 315 

water-insoluble organic matters (WIOM) had a higher MAE value than the 316 
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fluorescence of P1 and P6 were similar to those for of 7CM-C1 (the C1 component of 333 

a seven-component model) and 7CM-C3, named humic-like substances (HULIS-1) 334 

(Chen et al., 2016b). Further, there were peaks in the emission wavelengths (> 400 nm) 335 

of P1 and P6, which were probably derived from conjugated systems (Chen et al., 336 

2016b). The peak of P3 component was almost mostly located in the region IV, which 337 

was categorized as protein-like (cytidine) or tryptophan-like fluorophore (Qin et al., 338 

2018;Fan et al., 2016). Generally, peaks at shorter excitation wavelengths (< 250 nm) 339 

and shorter emission wavelengths (< 350 nm) were associated with simple aromatic 340 

proteins such as tyrosine (Cory and Mcknight, 2005), which was similar to the 341 

fluorescence of P2 component observed in this study. P5 component was similar to 342 

tryptophan- and tyrosine-like components (Chen et al., 2017a). Therefore, P2, P3, and 343 

P5 components were named protein-like substances (PLOM). P4 component was 344 

reported relatively rarely but similar to previously observed peaks that were 345 

considered to arise mainly in surface water and algal secretions (Yu et al., 2015). It is 346 

worth noting that the origins and chemical structures of the chromophores studied are 347 

not necessarily like those of chromophores with the same names in other types of 348 

organic matter.  349 

Table 1. The maximum excitation and emission wavelengths of the PARAFAC components 350 

from in the WSOC and MSOC extracted from the three origins 351 

 PARAFAC 

component 

Excitation 

maxima (nm) 

Emission 

maxima (nm) 

Assignment according to 

published papers 
References 

WSOC 

P1 251, 314 415 
HULIS-1, terrestrial humic-like 

component 

(Chen et al., 2016b;Sgroi et al., 

2017;Fu et al., 2015) 

P2 254 337 Tyrosine-like (Cory and Mcknight, 2005) 

P3 287 360 
Protein-like (cytidine) or 

tryptophan-like  
(Qin et al., 2018;Fan et al., 2016) 

P4 251 374 - - 

P5 278 319 Protein-like fluorophores (Fu et al., 2015) 
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P6 254, 371 485 

HULIS-1, conjugated systems, a 

terrestrial humic or fulvic 

acid-like component 

(Chen et al., 2016b) 

MSOC 

C1 308 356 - - 

C2 <250,272 388 - - 

C3 <250 434 
C2 Component 2 for the urban 

ASOM samples 
(Matos et al., 2015) 

C4 257 360 - - 

C5 284 328 - - 

C6 269 310 - - 

 352 
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variable, depending on the sources (Figure 3a). P1 component accounted for an 373 

average of 34 ± 4.7% of the total fluorescence intensities in the case of tunnel aerosols, 374 

which was higher than BB aerosols (mean ± SD: 19 ± 4.8%), CC aerosols (14 ± 3.8%) 375 

and vehicle exhaust particles (17 ± 1.0%). The difference of P1 component between 376 

tunnel aerosols and vehicle exhaust particles This result indicated P1 component had 377 

an aged vehicle exhaust origin because a difference of P1 component was observed 378 

from tunnel aerosols and vehicle exhaust particles. In contrast, the fluorescence of P6 379 

component was weak in any ofall the samples, but higher in vehicle emissions (9.4 ± 380 

2.3%) was higher than in BB and CC aerosols (both 2.5%). P5 component was more 381 

intense in the vehicle exhaust particles (30 ± 1.6%) than in other sources. P2 382 

component was only abundant only in the cases of BB aerosols (33 ± 11%), but did 383 

not exhibit in vehicle emissions, which suggested that some structures responsible for 384 

this chromophore could not exist in vehicle emissions. P4 component was the more 385 

abundant chromophore in CC aerosols (34% ± 7.7%) and vehicle emissions (29 ± 386 

5.9%), especially in vehicle exhaust particles (38 ± 1.1%). In contrast, P4 component 387 

in BB aerosols was weak (11% ± 7.9%), indicating a fossil origin. P3 component was 388 

almost equal across all samples. The possible reason was that P3 component was 389 

similar to the peak of tryptophan-like compounds which were common to in 390 

practically all published models and were likely to be found in almost all sources (Yu 391 

et al., 2015).  392 
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Figure 3. The relative contributions of each PARAFAC component of WSOC (a) and MSOC (b) in 394 

from the three sources emissions. 395 

The relative intensities of fluorescent components in the MSOC exhibited similar 396 

characteristics to the WSOC (Figure 3b). C1 component was the substances with more 397 

intense in the case of BB aerosols (38% ± 14 %) than the other sources. C2 398 

component was enriched in BB aerosols (21% ± 6.9 %) and tunnel aerosols (17% ± 399 

6.9 %) than those in CC aerosols and vehicle exhaust particles. AlsoIn addition, C2 400 

exhibited a difference between bituminous CC and anthracite combustion aerosols, as 401 

well as tunnel aerosols and vehicle exhaust particles, indicating C2 component could 402 

be used to identify these sources. C4 component was intense in CC aerosols (41 ± 403 

6.0%) and vehicle exhaust particlesemissions (25 26 ± 4.4%). C3 component was not 404 

abundant among the three sources and not observed in the vehicle exhaust particles, 405 

suggesting not a fresh vehicle-exhaust emission origin. Instead of C3, C5 and C6 406 

components were more intense in vehicle exhaust particles (25 ± 6.8% and 50 ± 6.8%, 407 

respectively), suggesting they were more the primary vehicle emission chromophores. 408 

The last study observed that the relative abundances of various chromophores in 409 

aerosols with different particle sizes were different (Chen et al., 2019). Therefore, the 410 
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Table 2. Number of formulae formulas in each compound category and the average values of 439 

elemental ratios, molecular weight (MW), double-bond equivalents (DBE), and aromaticity index 440 

(AImod) in the WSOC from the three originssix aerosol samples. 441 

Samples 
Elemental 

composition 

Number of 

formulaeformulas 
MWw DBEw AImod,w O/Cw H/Cw DBE/Cw 

Musa 

Total 4534 372.55 8.36 0.33 0.37 1.25 0.45 

CHO 1504 367.73 8.08 0.32 0.38 1.25 0.43 

CHON 2375 384.06 9.31 0.39 0.34 1.22 0.48 

CHOS 329 320.06 4.59 0.15 0.51 1.46 0.34 

CHONS 323 358.24 5.04 0.12 0.51 1.51 0.35 

Hevea 

Total 3174 387.05 10.32 0.42 0.38 1.08 0.52 

CHO 1610 377.86 10.06 0.42 0.38 1.08 0.51 

CHON 1408 409.40 11.29 0.46 0.39 1.05 0.55 

CHOS 108 376.68 7.00 0.23 0.38 1.32 0.39 

CHONS 48 410.33 5.08 0.09 0.47 1.60 0.30 

Anthracite 

Total 3930 308.65 10.82 0.65 0.33 0.83 0.67 

CHO 990 283.07 11.06 0.67 0.28 0.77 0.67 

CHON 1808 323.71 11.67 0.71 0.34 0.81 0.69 

CHOS 464 308.97 8.73 0.49 0.36 0.95 0.59 

 
CHONS 668 332.83 8.99 0.52 0.46 0.95 0.63 

Bituminous 

coal 

Total 1375 282.91 9.63 0.61 0.28 0.90 0.63 

CHO 399 259.21 10.40 0.66 0.22 0.82 0.65 

CHON 411 267.68 9.92 0.69 0.27 0.86 0.67 

CHOS 302 324.65 9.51 0.49 0.28 0.99 0.57 

CHONS 263 299.28 7.98 0.56 0.43 0.98 0.63 

Tunnel 

Total 2746 317.68 5.68 0.35 0.56 1.34 0.42 

CHO 803 298.29 7.69 0.49 0.50 1.06 0.54 

CHON 1049 340.18 7.50 0.38 0.51 1.22 0.49 

CHOS 508 310.74 2.73 0.03 0.59 1.71 0.23 

CHONS 386 337.90 2.78 0.46 0.81 1.77 0.25 

Vehicle 

exhaust 

Total 1301 327.71 7.96 0.41 0.33 1.22 0.46 

CHO 561 311.62 8.02 0.43 0.30 1.19 0.46 

CHON 673 320.62 7.28 0.41 0.40 1.27 0.47 

CHOS 63 467.88 11.88 0.36 0.19 1.19 0.44 

CHONS 4 438.78 2.21 0 0.46 1.97 0.12 
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Figure 4. Negative ESI FT-ICR mass spectra of WSOC in from the six aerosol samples. Different 477 

formula groups were color-coded. The six pie charts showed the relative intensities of different 478 

formula groups. 479 

Van Krevelen (VK) diagram is a useful tool that provides a visual graphic 480 

display of compound distribution, and to some extent, use to qualitatively identify 481 

different composition domains in organic mixtures (Song et al., 2018;Lv et al., 482 

2016;Smith et al., 2009). In this study, each source showed similar VK patterns. As 483 







25 

those in S-containing compounds. CC aerosols had a higher aromatic fraction than BB 552 

aerosols and vehicle emissions, especially in CHO and CHON (up to 89% of total ion 553 

intensities). In the BB aerosols, the non-S-containing compounds had a high fraction 554 

of olefinic structure, following by aromatic structure, but the S-containing compounds 555 

had a higher aliphatic and olefinic structure than aromatic structure. Besides, a A 556 

higher fraction of aliphatic in vehicle emissions was observed in the S-containing 557 

compounds (especially in tunnel aerosol (exceed 81%)). These aliphatic S-containing 558 

compounds might form by the precursors (long-chain alkanes) from vehicle emissions 559 

(Tao et al., 2014), which had higher H/C and lower DBE values (see Table 2). 560 

However, the previous study showed that AI must be regarded as the most 561 

conservation approach and may result in an underestimate of the aromatic structures 562 

(Koch and Dittmar, 2006), which was observed in Beijing aerosols (Mo et al., 2018). 563 

Although AImod identified more compounds as aromatic and condensed aromatic 564 

components than AI, the AImod may introduce uncertainties for individual molecules, 565 

which was demonstrated by Koch and co-author.  566 

For MSOC, Consistent with WSOC, the aromatic structure high fractions of the 567 

aromatic structure were observed in non-S-containing compounds were higher than 568 

those in S-containing compounds, and the aromatic structure higher fractions of 569 

aromatic structure in the CC aerosols were observed higher than those in BB aerosols 570 

and vehicle emissions in the MSOC (Figure S13). ), which was consistent with 571 

WSOC. Furthermore, we found that the fraction of aliphatic in MSOC was higher 572 

than that in WSOC, indicating more fat-like compounds. 573 

Different chemical characteristics of BB, CC, and vehicle emissions 574 

Figure S14 plotted the Venn diagram of formulas in the WSOC fraction in the six 575 

aerosol samples for determining the unique elements elementals in the mass spectra. 576 

The previous study identified the unique elementselementals of water-soluble HULIS 577 

in simulated BB and CC smokes, which presented different molecular characteristics 578 

between biomasses, as well as between biomass and coal (Song et al., 2018). In this 579 

study, we combined more formulas of different sources to determine the unique 580 

molecular molecules and more limitations was were set, which would provide more 581 

identified characteristics for each source. 212 molecular formulas were detected 582 

simultaneously in the six aerosol samples, suggesting the compounds could be more 583 

detected in the atmosphere. It is noting that without any further information, it is not 584 
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 645 

Figure 5. A Van Krevelen diagram of WSOC (a) and MSOC (b) in from the six aerosol samples. 646 

Different color indicates unique formulas detected in each sample. 647 
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648 
Figure 6. DBE vs. C number for unique molecular compounds of WSOC for from the six aerosol 649 

samples. Lines indicate DBE reference values of linear conjugated polyenes CxHx+2 with 650 

DBE=0.5×C, and fullerene-like hydrocarbons with DBE=0.9×C. The regions marked by blue box 651 

denoted the high intensities of compounds. 652 

Compared to Comparison with WSOC, Figure S16 showed fewer compounds in 653 

common in the MSOC for the six aerosol samples. There were only 44 compounds 654 

common in to the six aerosol samples. A total of 26 and 14 of the 44 formulas were 655 

CHO and CHON, respectively, but only 4 of the 44 formulas were S-containing 656 
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mechanism involved is very complex. The response of the light absorption capacity of 690 

different types of BrC to aging is highly variable, and enhancement or reduction in the 691 

light absorption capacity of BrC is possible (Li et al., 2019). These results indicated 692 

that light absorption capacity might be affected by various factors. In this study, the 693 

higher MAE365 values were observed in the BB and CC aerosols than vehicle 694 

emissions, and the chemical structures and unsaturation degree of different sources 695 

were discussed. Next, we further discussed the relationships between optical 696 

properties and chemical structures below. 697 

Before discussing their relationshipIn order to reduce the influence of 698 

non-absorbing substances, we firstly determined these compounds, which that were 699 

potential to absorb light radiation based on the above statement to reduce the 700 

influence of non-absorbing substances (Lin et al., 2018). Mo et al., (2018) reported 701 

that MAE365 of HULIS in aerosols was affected by oxidation level and unsaturation 702 

degree. In this study, the MAE365 had no significant correlation with O/C, indicating 703 

that light absorption capacity does not appear to be affected by their oxidized 704 

properties in the source emission aerosols. Instead of O/C, the MAE365 had a well 705 

significant positive correlation with the average DBE and MW, respectively (Figure 706 

7), suggesting the unsaturation level and MW played a vital role in the light 707 

absorption capacity of source samples. Field experiments indicated that the majority 708 

of absorption was the larger molecules (>500 Da) (Di Lorenzo et al., 2017). It is 709 

crucial to knowledge the relationship between light absorption of source samples and 710 

their molecular compositions due to the compounds in fresh emissions that may 711 

undergo a secondary process and introduce more uncertainty for their optical 712 

properties. 713 
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 714 

715 

Figure 7. Relationships between DBE and MW of the potential BrC molecules and the MAE365 of 716 

WSOC (a, c) and MSOC (b, d) in from the six aerosol samples, respectively. 717 

Fluorescence spectra could can provide more information than UV-vis spectra. A 718 

red shift in the excitation/emission maximum could indicate increased aromaticity and 719 
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