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Appendix I: Details of the Experimental Section 

BBOA samples were collected during the fourth Fire Lab at Missoula Experiment 

(FLAME-4) conducted at the U.S. Forest Service Fire Science Laboratorsy in Missoula, MT, where 

a series of laboratory measurements and aerosol sampling of biomass burning emissions were 

performed in October and November of 2012.1  This paper focuses on the BrC content in BBOA 

samples from four different biofuels: sawgrass (SG), peat (PT), ponderosa pine (PP), and black 

spruce (BS). They are representative biomass materials consumed by fires in grassland, 

peatland, and forest areas.2, 3 The FLAME-4 was designed to investigate fire emissions under the 

conditions representative of “real-world” biomass burning activities.1 A fire-integrated modified 

combustion efficiency (MCE) was calculated to characterize the relative amount of smoldering 

and flaming combustion phase that occurred over the course of each fire.1 MCE of 1 

corresponds to an ideal flaming combustion that converts all carbon in the fuel to CO2; MCE 

below 1 corresponds to an incomplete, smoldering combustion that results in BBOA.  The 

averaged MCE values were reported as 0.96±0.004, 0.81±0.09, 0.91±0.03, and 0.96±0.008, for 

the burning of SG, PT, PP and BS, respectively.2 These differences in MCE may result from many 

factors such as structure of the fuel assembly prior to its ignition, moisture content, and 

environmental variables.4, 5 Thus, although the intent of this paper is to characterize BrC 

emitted from different biofuels, it should be noted that the chemical composition of BrC may 

also depend on the variables that were not controlled in this study.    

Smoke particles were collected onto aluminum foil substrates using a 10-stage Micro-

Orifice Uniform Deposit Impactor (MOUDI, MSP, Inc). Samples on the 6th and 7th impactor 

stages were combined together for the analysis. The particle size range in these samples was 

0.32-1.0 µm (aerodynamic diameter). Solvent extracts were prepared by ultrasonic extraction 

of the BBOA samples from aluminum foils in 2 mL of LC/MS grade acetonitrile. The extracts 

were filtered using syringe filters with 0.45 µm PTFE membrane to remove insoluble fractions. 

The resulting solutions were first concentrated through evaporation under N2 flow to a volume 

of ~ 50 µL, and then ~200 µL of ultrapure water was added to make the solvent composition 

compatible with the initial setting of solvent gradient used for HPLC analysis. The change in 

filter color from brown to colorless suggests that the majority of light-absorbing compounds 

were extracted in the solution. 

Solutions of BBOA samples were analyzed using an HPLC/PDA/HRMS platform.6, 7 The 

platform consists of a Surveyor Plus system (including a quaternary LC pump, an auto sampler 

and a PDA detector), a standard IonMAXTM electrospray ionization (ESI) source, and a high 

resolution LTQ-Orbitrap mass spectrometer (all modules are from Thermo Electron, Inc). The 

separation was performed on a reverse-phase column (Luna C18, 2 × 150 mm, 5 µm particles, 

100 Å pores, Phenomenex, Inc.). The binary solvent “A” included water with 0.05% v/v formic 
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acid and solvent “B” included LC/MS grade acetonitrile with 0.05% v/v formic acid. Gradient 

elution was performed by the A/B mixture at a flow rate of 200 µL/min: 0–3 min hold at 10% of 

B, 3–53 min linear gradient to 90% B, 53–80 min hold 90% B, 80–81 min return back to 10% B 

held for 100 min to recondition the column and make it ready for injection of the next sample. 

UV-Vis absorption was measured using the PDA detector over the wavelength range of 200 to 

700 nm. The spectrum of the unseparated mixture was also measured with the column 

removed at the same flow rate of the A/B solvent with 10% B. The ESI settings were as follows: 

4.0 kV spray potential, 35 units of sheath gas flow, 10 units of auxiliary gas flow, and 8 units of 

sweep gas flow. ESI/HRMS data was acquired in both positive and negative modes. 

Xcalibur (Thermo Scientific) was used to acquire raw data. The HPLC/PDA/HRMS data 

were processed with an open source software toolbox, MZmine 2 (http://mzmine.github.io/), 

to perform peak deconvolution and chromatogram construction.8 Analysis and assignments of 

MS peaks were performed using a suite of Microsoft Excel macros developed in our group that 

enable background subtraction, first and second-order mass defect analysis and grouping of 

homologous peaks.9 Elemental formulas of one representative peak from each group were 

assigned using MIDAS molecular formula calculator (http://magnet.fsu.edu/~midas/). Formula 

assignments were performed using the following constraints: C ≤ 100, H ≤ 200, N ≤ 3 O ≤ 50, S ≤ 

1 and Na ≤ 1. The aromatic index (AI)10, 11 values were calculated using the equation AI = [1+c-o-

s-0.5h]/(c-o-n-s), where c, h, o, n and s correspond to the number of carbon, hydrogen, oxygen, 

nitrogen and sulfur atoms in the neutral formula, respectively. The double-bond equivalent 

(DBE) values of the neutral formulas were calculated using the equation: DBE = c - h/2 + n/2 + 1. 

The data used for “molecular corridors” analysis12, 13 were obtained through direct infusion ESI-

HRMS analysis of the samples and processed using the same protocols.9 
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Table S1. A list of elemental formulas of BrC chromophores found in the four BBOA samples: sawgrass 

(SG), peat (PT), ponderosa pine (PP), and black spruce (BS). RT = retention time, DBE = double bond 

equivalent. Some peaks were detected in the (+)ESI mode, some in the (–)ESI mode, and some in both. 

The peak numbers are shown in chromatograms in Figures S7-S9. Multiple assignments are possible for 

the same chromatographic peak, as shown in the table  

BBOA 
Peak 

# 
RT (min) Formula DBE ESI mode (+/-) 

BBOA sample collected from burning of sawgrass (SG) 

SG 1 15.1 C6H5O4N 5 - 
SG 2 18.1 C8H7O4N 6 - 
SG 3 19.3 C13H8O2 10 + 
SG 4 20.4 C7H7O4N 5 - 
SG 5 21.7 C8H7O3N 6 - 

SG 6 24.6 
C9H7O4N 
C13H8O 

7 
10 

- 
+ 

SG 7 26.9 C10H7O3N 8 - 
SG 8 28.9 C11H9O3N 8 - 

SG 9 31.8 
C12H11O3N 
C19H10O2 

13 
15 

- 
+ 

SG 10 33.1 
C16H9O3N 
C13H13O3N 

13 
8 

- 
- 

SG 11 33.8 
C19H10O 
C18H8O3 

15 
15 

+ 
+ 

SG 12 34.7 
C20H10O2 
C19H10O 

16 
15 

+ 
+ 

SG 13 35.4 
C21H11N 
C17H10O 

17 
13 

+ 
+ 

SG 14 38.2 C21H12O 16 + 
SG 15 39.3 C31H30O5 17 - 

SG 16 43.3 
C26H12O2 
C22H12O2 
C23H13N 

21 
17 
18 

+ 
+ 
+ 

SG 17 46.0 
C21H13N 
C23H12O 

16 
18 

+ 
+ 

SG 18 46.8 

C18H27O5N 
C23H31O4N 
C31H30O4 
C34H26O3 

9 
9 

17 
22 

- 
- 
+ 
+ 

SG 19 49.2 
C25H34O2 
C26H36O9 

9 
9 

+ 
- 

SG 20 50.6 

C25H36O2 
C27H39O2N 
C22H34O6N2 
C48H66O4N4 

8 
9 
7 

18 

- 
+ 
+ 
+ 
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BBOA sample collected from burning of peat (PT) 

PT 1 10.2 
C8H8O3 
C9H8O3 

5 
6 

- 
- 

PT 2 10.9 C9H10O4 5 -/+ 
PT 3 13.7 C10H12O4 5 -/+ 
PT 4 14.6 C9H7O3N 7 - 

PT 5 18.6 
C10H8O4 
C9H6O3 

7 
7 

- 
- 

PT 6 18.9 C13H10O6 9 -/+ 
PT 7 21.8 C13H12O4 8 - 
PT 8 22.2 C11H10O4 7 -/+ 

PT 9 22.8 
C13H8O5 
C14H8O7 
C17H14O7 

10 
11 
11 

-/+ 
-/+ 
-/+ 

PT 10 23.8 
C14H10O5 
C14H10O6 

10 
10 

-/+ 
-/+ 

PT 11 24.5 
C12H10O2 
C14H14O4 

8 
8 

-/+ 
-/+ 

PT 12 25.4 C13H8O6 10 -/+ 
PT 13 26.2 C17H12O6 12 -/+ 

PT 14 31.0 
C18H16O6 

C19H18O6 
11 
11 

-/+ 
-/+ 

PT 15 35.3 C18H16O5 11 -/+ 
PT 16 39.3 C19H18O5 11 -/+ 

PT 17 41.9 
C20H20O5 
C22H20O6 

11 
13 

-/+ 
-/+ 

PT 18 43.1 
C23H22O6 
C23H24O6 

13 
12 

-/+ 
-/+ 

PT 19 44.0 C27H26O5 15 -/+ 

PT 20 46.2 
C24H22O5 
C28H28O6 

14 
15 

-/+ 
-/+ 

BBOA sample collected from burning of ponderosa pine (PP) 

PP 1 10.0 C8H8O3 5 - 
PP 2 11.4 C7H6O3 5 - 

PP 3 12.8 
C10H10O3 
C10H8O4 

6 
7 

- 
- 

PP 4 13.7 
C9H8O3 
C8H8O4 

6 
5 

- 
- 

PP 5 14.5 
C9H6O3 

C9H7O3N 
7 
7 

- 
- 

PP 6 15.9 C7H7O5N 5 - 
PP 7 16.3 C12H12O4 7 + 

PP 8 16.8 
C20H22O4 
C20H24O5 

10 
9 

+ 
+ 

PP 9 19.3 C8H9O5N 5 - 
PP 10 19.7 C15H14O4 9 - 
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PP 11 22.8 
C15H10O6 
C19H20O5 

11 
10 

- 
-/+ 

PP 12 23.1 C16H12O7 11 - 
PP 13 23.7 C17H14O7 11 -/+ 

PP 14 24.4 
C14H14O4 
C15H12O4 

8 
10 

- 
- 

PP 15 26.0 C17H14O5 11 - 
PP 16 26.2 C16H12O6 11 - 
PP 17 27.2 C17H14O6 11 -/+ 
PP 18 27.8 C15H16O4 8 -/+ 
PP 19 32.0 C18H16O4 11 - 
PP 20 35.3 C20H26O3 8 + 

BBOA sample collected from burning of black spruce (BS) 

BS 1 10.0 C8H8O3 5 -/+ 
BS 2 10.4 C6H5O5N 5 - 

BS 3 12.7 
C11H12O4 
C10H8O4 

6 
7 

- 
- 

BS 4 13.3 C8H8O2 5 - 

BS 5 13.7 
C9H8O3 

C15H16O7 
6 
8 

- 
- 

BS 6 14.5 
C9H6O3 

C9H7O3N 
7 
7 

- 
- 

BS 7 15.0 C6H5O4N 5 - 
BS 8 15.6 C10H10O4 6 - 
BS 9 15.8 C7H7O5N 5 - 

BS 10 16.8 
C20H22O4 
C20H24O5 

10 
9 

+ 
+ 

BS 11 18.0 
C7H7O4N 
C8H7O4N 

5 
6 

- 
- 

BS 12 19.7 C15H14O4 9 - 
BS 13 22.5 C17H14O8 11 - 

BS 14 22.8 
C15H10O6 
C19H20O5 

11 
10 

-/+ 
- 

BS 15 23.1 C16H12O7 11 - 
BS 16 23.7 C17H14O7 11 - 
BS 17 23.9 C14H12O3 9 - 
BS 18 24.4 C14H14O4 8 - 
BS 19 26.2 C16H14O4 10 - 
BS 20 26.7 C17H14O6 8 - 
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Figure S1. The total ion chromatograms (TIC) acquired in the (+)ESI mode (black) and (–)ESI mode (red) 

for BBOA samples from burning of ponderosa pine (PP). The (+)ESI signal is offset linearly from the (–)ESI 

signal for better display. Molecular formulas in red color denote aromatic compounds observed solely in 

the (–)ESI mode and representing potential BrC chromophores. Molecular formulas in gray color denote 

aliphatic compounds observed solely in the (+)ESI mode; they are unlikely to be BrC chromophores. 
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Figure S2. The total ion chromatograms (TIC) acquired in the (+)ESI mode (black) and (–)ESI mode (red) 

for BBOA samples from burning of black spruce (BS). The (+)ESI signal is offset linearly from the (–)ESI 

signal for better display. Molecular formulas in red color denote aromatic compounds observed solely in 

the (–)ESI mode and representing potential BrC chromophores. Molecular formulas in gray color denote 

aliphatic compounds observed solely in the (+)ESI mode; they are unlikely to be BrC chromophores. 

Molecular formulas in blue color denote aromatic compounds observed in both modes and are potential 

BrC chromophores. Molecular formulas in green color denote aliphatic compounds observed in both 

modes and are unlikely BrC chromophores.  
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Figure S3. The total ion chromatograms (TIC) acquired in the (+)ESI mode (black) and (–)ESI mode (red) 

for BBOA samples from burning of peat (PT). The signal of the (–)ESI mode is multiplied by a factor of 2 

and the (+)ESI signal is offset linearly from the (–)ESI signal for better display. Molecular formulas in red 

color denote aromatic compounds observed solely in the (–)ESI mode and representing potential BrC 

chromophores. Molecular formulas in gray color denote aliphatic compounds observed solely in the 

(+)ESI mode and are unlikely BrC chromophores. Molecular formulas in blue color denote aromatic 

compounds observed in both modes and are potential BrC chromophores.  
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Figure S4. The total ion chromatograms (TIC) acquired in the (+)ESI mode (black) and (–)ESI mode (red) 

for BBOA samples from burning of sawgrass (SG). The signal in the (–)ESI mode is multiplied by a factor 

of 2 and the (+)ESI signal is offset linearly from the (–)ESI signal for better display. Molecular formulas in 

red color denote aromatic compounds observed solely in the (–)ESI mode and representing potential 

BrC chromophores. Molecular formulas in gray color denote aliphatic compounds observed solely in the 

(+)ESI mode and are unlikely BrC chromophores. Molecular formulas in black color denote aromatic 

compounds observed solely in positive ESI mode and are potential BrC chromophores. 
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Figure S5. Examples of PDA and MS results obtained for chromophores (a-c) #2 and (d-f) #19 eluting at RT = 15.0 min and RT = 50.6 min, 

respectively. UV-Vis spectra of chromophores (a ) #2 and (d) #19 eluting and their corresponding mass spectra acquired in the (–)ESI mode (b, e) 

and (+)ESI mode (c, f). Ions shown in brown color denote potential BrC chromophores with high double bond equivalent (DBE) values. Ions 

shown in gray color denote compounds with low DBE values that are unlikely to be BrC chromophores. The UV-Vis spectrum of 4-nitrocatechol 

(red dash line) was digitalized from reference 52. 
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Figure S6. An example demonstrating the method used for identification of organic compounds responsible for light absorption of major 

chromophore #20 (RT = 50.6 min) in Figure 3 of the main text. MS(a) shows the mass spectrum corresponding to the absorption peak position as 

denoted on the color coded HPLC-PDA chromatogram. MS(b) and MS(c) show the mass spectra acquired before and after the corresponding 

PDA absorption peak. MS(d) shows the difference mass spectrum obtained by removing peaks present in MS(b) and MS(c) from MS(a). The 

bottom left panel displays the extracted ion chromatograms (EICs) of the compounds co-eluting at 50.6 min. 
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Figure S7. UV-Vis spectra of the strong chromophores (peak # of PDA record) observed in SG BBOA. 
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Figure S8. Tentative molecular structures of chromophores identified in SG BBOA: (a) nitro- and 

hydroxyl- substituted phenols and PAHs, (b) oxygenated and O-heterocyclic PAHs, (c) N-heterocyclic 

PAHs.
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Figure S9. 3D-plot of HPLC/PDA chromatogram of BBOA from peat (PT) burning. The peaks are labelled by the peak numbers and by the 

formulas of the most probable chromophores from Table S1.  
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Figure S10. 3D-plot of HPLC/PDA chromatogram of BBOA from ponderosa pine (PP) burning. The peaks are labelled by the peak numbers and by 

the formulas of the most probable chromophores from Table S1.  
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Figure S11. 3D-plot of HPLC/PDA chromatogram of BBOA from black spruce (BS) burning. The peaks are labelled by the peak numbers and by the 

formulas of the most probable chromophores from Table S1.
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Figure S12. Tentative molecular structures of chromophores identified in PT, PP, or BS BBOA. 
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Figure S13. 10-40 min segments of HPLC/PDA chromatograms shown as density maps indicating strong BrC chromophores in the PT, PP, and BS 

BBOA samples. The elemental formulas of compounds corresponding to the major chromophores are listed accordingly. Blue color denotes 

chromophores common among different samples; black color indicates source specific chromophores. 
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Appendix I: Method for Testing the Stability of BrC Chromophores in Solution 

The solutions of BBOA in 50 vol% water/acetonitrile solvent were irradiated in a standard 1 cm quartz 

cuvette from the side using radiation from a xenon arc lamp with a U-360 bandpass filter, a neutral-

density filter (to reduce the power), and a lens (to make the cross section of the beam crossing the cell ∼ 

1 cm2). The cell was removed at regular time intervals, and the full absorption spectrum from 200-700 

nm was taken with a Shimadzu 1800 spectrometer. 

An azoxybenzene actinometer was used to measure the actinic flux (photons cm-2 s-1) of the lamp used 

for photolysis. This actinometer was chosen based on its quantum yield (φ=0.021) being relatively 

independent of temperature and concentration.  A 6.25 mM azoxybenzene solution with 12.5 mM 

potassium hydroxide, all in ethanol, was used as the actinometer, which was irradiated under the same 

conditions as BBOA samples. The concentration of the actinometer was chosen to result in similar 

absorbance levels to that of BBOA samples. The photoisomerization product of azoxybenzene absorbs at 

458 nm with a molar extinction coefficient (ε) of 7600 L mol-1 cm -1, and can be used to estimate the 

actinic flux from the Xe lamp.  

 

Figure S14. Spectra of actinometer at each photolysis point (left) and change in absorbance at 458 nm as 

a function of time (right) which was used to calculate the value for
���

��
. 

Figure S14 shows typical spectra of the actinometer during photolysis. The time dependence of the 458 

nm absorbance (Ap) can be used to determine rate of change in the concentration of the 

photoisomerization product (Cp) as a function of time using Beer’s Law (Eqs. 1 and 2), where l is the path 

length of the cuvette and εp is the molar absorption coefficient of the product.  

�� � �� 	 
� 	 �    (Eq. 1) 

���

��
�

��� ��⁄

��	�
     (Eq. 2) 
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The rate with which actinic photons passing through the cuvette are being absorbed by the solution, in 

moles of photons (= Einstein) per second, can be determined from the rate of the concentration change, 

the volume of solution being irradiated (V in liters) and the photoisomerization quantum yield (φ) (Eq. 3). 

����	�
�������

�
� �

���

��
	

V

�
   (Eq. 3) 

This rate was then converted into the effective actinic flux of the lamp (Flamp) using the area of the beam 

of light (Area = 1 cm2 based on the size of the beam) and Avogadro’s number (NA) (eq. 4). 

 �����	�
�������

 �!	�
� �

"��#

�$#�
	 %�   (Eq. 4) 

Note that equation 4 assumes that all actinic photons are absorbed by the solution, which is not the 

case. However, since the absorbance values of the actinometer solution and BBOA solution were similar, 

and we are only interested in the relative rates, we are not correcting for this effect. 

The photolysis of Ponderosa Pine (PP) and Indonesian Peat (PT) was carried out using the same lamp 

conditions as the actinometer. The PP sample was irradiated for 1800 seconds and the PT was irradiated 

for 4500 seconds. The BBOA samples became somewhat less absorbing on average as a result of the UV 

exposure, as shown in Figure S15 for the PT sample. In addition, their Absorption Ångström Exponent 

(AAE) changed slightly (Figure S15 and Table S2). AAE was obtained by fitting logarithm of absorbance 

against logarithm of wavelength for the 300-500 nm wavelength range. 

 

Figure S15. Left: Absorption spectra of the PT BBOA sample before and after UV irradiation. Right: the 

effect of the irradiation on the AAE of the PT BBOA. 
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Table S2. Half-lives (t½) for the disappearance of the 300 nm absorbance measured in the experimental 

setup and estimated under the 24-hour averaged irradiation conditions in Los Angeles on June 30. AAE 

calculated were calculated for the 300-500 nm wavelength range.  

Sample Half-life measured 
under the lamp 
(hours) 

Estimated half-life 
under the sun 
(hours) 

AAE before 
irradiation 

AAE after 
irradiation 

PP 1.75 16.5 7.2 5.9 
PT 1.70 16.0 6.0 6.6 
The 300 nm absorbance of the BBOA samples was found to decrease with irradiation in most cases as 

shown in Figure S13, with photodegradation half-times of several hours. 

  

Figure S16. Left: Change in absorbance at 300 nm as a function of time exposed to the lamp for PP and 

PT BBOA samples. Right: Same on a natural log-linear scale, excluding the first 1000 s of data, where the 

absorbance changed the most rapidly. The slope of these curves can be converted into the half-live for 

the photodegradation assuming first order decay, t½ = -ln(2)/slope.  

 

To convert the photodegradation half-time into values representative of ambient UV irradiation, the 

average flux of the sun in a 24-hour period was calculated using the TUV model 

(http://cprm.acom.ucar.edu/Models/TUV/Interactive_TUV/). The model was used to obtain the solar 

spectrum at each hour on June 30 for Los Angeles, CA.  
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Figure S17. Solar spectral flux density in Los Angeles, CA on June 30 at 20 hours GMT (maximum flux). 

These spectra where integrated from 280 to 350 nm using Mathematica in order to get the flux of the 

sun at each time point, which were then averaged to get an average solar flux (Fsun) (Eq. 5). 

 ��&� � ' ��(�)(
*+,

-.,
     (Eq. 5) 

The upper limit is Eq. 5 is arbitrarily set to 350 nm because we assume that photons at longer 

wavelengths do not contribute substantially to the photodegradation. 

Using the integrated actinic flux from the lamp (Flamp = 1.81×1016 photon cm-2 s-1) and the integrated 

actinic flux of the sun (Fsun = 1.92×1016 photon cm-2 s-1), a factor for comparing the photolysis time of 

BBOA with the lamp to photolysis in the sun was determined to be 9.4 (Eq. 6 and 7). In other words, one 

hour under lamp is roughly equivalent to 9 hours under the sun. 

 ��/�01 �
2345�

2678
    (Eq. 6) 

 �9:��&� � ��/�01 	 �9:�����   (Eq. 7) 

The PP's irradiation time of 1800 seconds is approximately equivalent to 4.7 hours under the sun using 

the conversion factor from Eq. 6.  The PT's irradiation time of 4500 seconds is equivalent to about 11.8 

hours in the sun using the same factor. In summary, the irradiation times used in this study would result 

in aging that BBOA would experience in about a day under daytime atmospheric conditions.  
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