Reviewer 1

Xie et al. 2018 did laboratory burns of two fuel types, and analyzed particles using various
offline methods. Most notably, they quantified nitroaromatic compounds (NACs) and their
contribution to light absorption using HPLC/DAD-Q-ToFMS and authentic standards. Further
characterization was done with MS/MS by comparing fragmentation patterns. The authors also
examined the relationship between light absorption and mass of NACs with EC/OC ratio, a
proxy for burn conditions. They determined structures for 14 nitrogen-containing chemical
formulas and for many of which multiple isomers were observed. Interestingly, four of the
nitrogen-containing formulas have only been observed in biomass burning applications before.
However, the authors believe that these are not nitroaromatic compounds, but have
benzisoxazole structures. Since these NACs are uniquely observed the authors propose that they
could be good tracer compounds.

Overall assessment:

The authors have done careful analytical chemistry in regards to quantifying NACs and
confirming structures. They include extraction efficiencies in Table S1, which is very useful for
data interpretation. They confirmed structures to the extent possible using MS/MS and surrogate
standard compounds. The mass-based contribution of NACs and their contribution to absorbance
was very well done with internal standards/surrogates used for quantification. This work is an
important contribution to our understanding of biomass burning emissions, and it should
definitely be published. I do have some concerns and suggestions for improving the manuscript,
as described below.

Reply:

We really appreciate the reviewer’s thoughtful comments, which help us to improve the
manuscript. We replied to specific comments below.

General Major Comments:

1. The authors should do a little more work to characterize their proposed structures since this is
a key conclusion of the paper. They propose benzoxazole structures for the some of the detected
compounds based on the analysis of fragmentation patterns and observation of loss of CNO from
the ions. However, Giorgi et al. (2004) showed that benzoxazole-based ions lose CO, and to
some extent CH3CN, and not CNO during collision induced dissociation. This contradicts the
authors’ structural assignments. | would recommend buying benzoxizole-based compounds
(which are commercially available) and doing MS/MS with them to confirm the fragmentation
patterns qualitatively match those observed from BB samples.



Reply:

The reviewer is right. Without enough evidence, we should not attribute the loss of OCN
to the existence of benzoxazole structure. According to Giorgi et al. (2004), the MS/MS spectra
of 3-methyl-1,2-benzisoxazole and 2-methyl-1,3-benzoxazole at ESI positive ion mode
suggested a loss of CO, but not OCN.
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Figure S4. Mass spectra of (a) phenyl cyanate, (b) benzoxazole, (c) 4-methoxyphenyl isocyanate,
and (d) 2,4-dimethoxyphenyl isocyanate with EI mode; MS/MS spectra of (e) 4-methoxyphenyl
isocyanate and (f) 2,4-dimethoxyphenyl isocyanate with ESI positive ion mode.

In this work, four standard compounds, including phenyl cyanate (CgHsOCN),
benzoxazole (C;HsNO), 4-methoxyphenyl isocyanate (CH30CgH4NCO), and 2/4-
dimethoxyphenyl isocyanate [(CH30),C¢H3sNCO] were analyzed using a gas chromatography



(Agilent 6890) coupled to a mass spectrometer (Agilent 5975B) under electron ionization (EI, 70
ev) mode. These compounds do not have a phenol structure and cannot be detected using ESI
under negative ion mode. The MS/MS spectra of 4-methoxyphenyl isocyanate and 2,4-
dimethoxyphenyl isocyanate were obtained by using a modified method (ESI at positive ion
mode) for NACs analysis in this work. As shown in Fig. S4a and b, the loss of OCN is observed
for phenyl cyanate, but not benzoxazole. In Fig. S4c and d, the ions at m/z 106 and 136 can be
produced from the species at m/z 149 and 179 through the loss of CH3 + CO or H + NCO (43
Da). The MS/MS spectra of 4-methoxyphenyl isocyanate and 2,4-dimethoxyphenyl isocyanate
(Fig. S4e,f) confirmed the loss of CH3 + CO, and the loss of CHj reflected the presence of
methoxy group. As such, the CgHgNO,4 compounds identified in this work is expected to contain
a phenyl cyanate structure.

These results and discussions were added in the revised manuscript (Pages 14-15, Lines
311-331).

2. | would also not so easily dismiss organo-isocyanate structures as is done in the current
manuscript. For example, Priestley et al. (2018) observed emissions of methyl isocyanate from
biomass burning (p 7697). It is plausible that there may be aromatic isocyanates, and that they
would survive extraction. On the other hand, Kaal et al. (2009) found benzoxazole in pyrolyzed
charcoal smoke, so the authors can include this previous observation in the manuscript if there is
evidence for the structure.

Reply:

Yes, correct. As seen in the replies to the reviewer’s first comment, we analyzed four
additional standard compounds with a structure that might lose OCN using GC-MS and/or LC-
MS. In Fig. S4, the loss of OCN group is only observed during the fragmentation of phenyl
cyanate. As such, the CgHgNO,4 compounds identified in this work is expected to contain a
phenyl cyanate structure.

3. The authors claim these structures are unique to biomass burning and therefore good tracer
compounds. However this requires a more comprehensive review of the chamber SOA literature.
From a quick search | found that C10H11NO4 was detected in model SOA from the
photooxidation of methyl chavicol, an aromatic biogenic precursor, in Pereira et al. (2015). The
authors should perhaps do a more thorough job to confirm the uniqueness. Right now this
statement that these are unique compounds to biomass burning is weak due to 1) uncertainty in
the structures 2) incomplete review of the literature for NACs.

Reply:



Yes, CioH11NO,4 was observed as 5-methoxy-4-nitro-2-(prop-2-en-1-yl)phenol in SOA
from reactions of methyl chavicol and NOx (Pereira et al. (2015). However, the CioH11NO4
compound observed in this work should have a different structure. Instead of discussing the
uniqueness of the four compounds (C10H11NO4, C19H11NOs, C11H13NOs and Cy13H13NOg) in BB
NACSs, we tried to shed lights on the representative functional groups of NACs from BB in the
revised manuscript. Before this, we have already mentioned that that the loss of OCN group

could be ascribed to the existence of a phenyl cyanate structure.
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Figure S5. MS/MS spectra of (a) C;H;NOs and (b) CgHgNOs identified from BB in this work
and (c, d) the same formula from photo-oxidation of m-cresol with NOx.

In the revised manuscript, we stated that “In this work, the NACs formula with molecular
weight (MW) < 200 Da (from CgHsNO3, 138 Da to CgHgNOs, 198 Da) were all identified in
secondary organic aerosol (SOA) generated from chamber reactions with NOx (Xie et al., 2017a).
However, the NACs from BB emissions and SOA formations with identical formulas might have
different structures. For example, the MS/MS spectra of C;H;NOs and CgHgNOs from BB in this
work and aromatic VOCs/NOx reactions in Xie et al. (2017a) had distinct fragmentation patterns
(Fig. S5). In Xie et al. (2017a), the CgH;NO,4 and CyHgNO, generated from ethylbenzene/NOx
reactions might have fragile structures and their MS/MS spectra were not available. In this work,
CgH7NO,4 and CgHgNO, from BB emissions are more stable and are supposed to have a phenyl



cyanate structure. Among the four NAC formulas with MW > 200 Da identified in this work
(Table 2), C10H11NO4 was also observed as 5-methoxy-4-nitro-2-(prop-2-en-1-yl)phenol in SOA
from reactions of methyl chavicol and NOx (Pereira et al. (2015), which cannot be assigned to
the C1oH11NO,4 from BB emissions in this work. Compared to the NACs in aromatic VOCs/NOx
SOA (linuma et al., 2010; Lin et al., 2015;Xie et al., 2017a; Pereira et al., 2015), the structures of
NACs from BB in this work were characterized by methoxy and cyanate groups. The
methoxyphenol structure is a feature in polar organic compounds from BB (Schauer et al.,
2001;Simpson et al., 2005;Mazzoleni et al., 2007). The cyanate group was rarely reported in gas-
or particle-phase pollutants from BB, which might be a missed feature of BB NACs. Vé&&asSavo
et al. (2015) found that cyanate could be formed during the thermal conversion (e.g., pyrolysis,
gasification) of black liquor, which is the waste product from the kraft process when digesting
pulpwood into paper pulp and composed by an aqueous solution of mixed biomass residues.
According to Table 2 and Fig. 3, the NACs containing methoxy and/or cyanate groups are
predominately generated during the flaming phase in the two NC forest experiments. Before
using these compounds as source markers for BB NACs, additional work is warranted to
understand their exact structures and lifetimes in the atmosphere. The quantification of these
compounds might also be subject to high variability due to the usage of surrogates.” (Pages 16—
17, Lines 364-390)

4. 1 would highly recommend transferring some of the supporting information material to the
main manuscript. In particular, the method section in the supporting information should really be
in the method section of the main paper. There is no page limitation in ACP, so there is no need
to put important information in the Sl section.

Reply:

We re-organized the manuscript. All the method details in the original supplementary
information was improved and moved into the revised manuscript (Pages 6-7, lines 135-163;
pages 8-9, lines 188-194; page 17-18, lines 397-402), including the bulk absorption
measurement and calculation, surrogate assignment for NACs quantification, and surrogate
assignment for the calculation of NACs contribution to solvent extracts absorption.

5. 1 would also suggest Table S2 be moved, and an example of a CID spectrum for the new
structures be added. Right now it is difficult to read the manuscript without referring to the SI.
While moving around the figures and tables this can be done strategically to improve the
organization of the manuscript. For example, currently Figure 3a is discussed in the first
paragraph of the R&D and then discussed again in the last section.

Reply:



Yes, Table S2 and Fig. S1 of the original supplementary information were moved into the
revised manuscript as Table 2 and Fig. 1. Fig. 3 of the original manuscript is now Fig. 2 in the
revised manuscript and first appears in section 3.1, paragraph 2, and right after the discussion on
the relationship between light-absorbing properties of BB OC and EC/OC ratios.

In the original manuscripts, Fig. 3a (how Fig. 2a) was not discussed in the first paragraph
of section 3.1, and only Table 1 was referred to in the text.

6. It would be helpful to be able to refer to the absorption spectra for these BrC compounds. |
would suggest a A, max column in Table S2 or better yet full PDA spectra. This is especially
important for those four potential tracer compounds.

Reply:

In this work, a diode array detector (DAD), instead of photodiode array (PDA)
spectrophotometry was interfaced with the HPLC and Q-ToFMS. The DAD measurement
permits direct identification of chemical compound formulas responsible for light absorption in
near UV and visible range (Xie et al., 2017). However, the DAD signals of individual NACs
could not be distinguished from bulk absorption of sample extracts (shown in a plot below). This
could be due to low contribution of total NACs to the mass (< 1%) and bulk absorption (< 2%)
of OM.
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Moreover, the signal peaks in the HPLC/PDA or DAD chromatograms and the
corresponding UV-Vis spectra are composed by a mixture of light-absorbing compounds (Lin et
al., 2016), some of which are not NACs or even cannot be ionized under ESI positive or negative



ion mode. As such, the A, max derived from PDA/DAD spectra cannot reflect the light-absorbing
characteristics of individual NACs.

Therefore, the DAD measurements were not exhibited or used for analysis in this work,
and a different method applied in Zhang et al. (2013) and Xie et al. (2017) was used to estimate
the contribution of individual and total NACs to bulk absorption of extracted OM in BB
emissions (Pages 17-18, lines 392-402). The UV-Vis spectra of standard compounds used for
the NACs absorption calculation are provided in Fig. S6 of the revised supplementary
information.
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Figure S6. UV/Vis spectra of (a) 4-nitrophenol, 4-nitrocatechol, 2-methyl-4-nitroresorcinol, 2-

nitrophloroglucinol, and 2-nitro-1-naphthol at ~1 ng pL™ (Xie et al., 2017), and (b) 2,4-
dimethoxyphenyl isocyanate, 4-methoxyphenyl isocyanate, and phenyl cyanate at ~10 ng piL™.



7. The authors call these compounds “nitroaromatic compounds”, but some of the proposed
structures should not be classified as nitroaromatic compounds. They should perhaps name them
N-containing aromatic compounds (also abbreviated as NAC)? If so, this should be done
throughout the paper.

Reply:

Yes, thanks! The “nitroaromatic compound” was changed into ‘“N-containing aromatic
compound” (also abbreviated as NAC) throughout the manuscript.

8. The end of the introduction and conclusion should echo similar messages. The central focus of
the paper is not entirely clear. At first, | thought it was to determine the viability of NACs as
tracer/marker compounds for biomass burning. At the conclusion, it seems like the main point is
to conclude whether fuel type or burn conditions are more important for production of NACs.

Reply:

Thanks. The central focus of this work was to identify NAC structures specifically related
to BB, and quantify the contributions of NACs to BB OM and its solvent extracts abasorption.
We revised the conclusion and the last paragraph of the introduction, so as to make them deliver
similar information.

The last paragraph of the introduction was changed to:

“The present study attempts to characterize the compositional profile of NACs from BB,
identify additional NAC structures in laboratory BB samples, and evaluate the contributions of
NACs to bulk absorption of solvent extractable OC from BB. A high-performance liquid
chromatograph interfaced to a diode array detector (HPLC/DAD) and quadrupole (Q)-time-of-
flight mass spectrometer (ToF-MS) was used to examine NACs in PM, s (particulate matter with
aerodynamic diameter < 2.5 pm) from three BB experiments. A thermal-optical instrument
determined bulk OC and elemental carbon (EC) in the PM, and a UV/Vis spectrometer was used
to measure total BrC absorption in methanol extracts of BB PM;s. In this work, a number of
NACs formulas with structures that might be specifically related to BB were identified, and the
contributions of identified NACs to bulk BrC absorption were calculated. These results shed
lights on the light-absorbing characteristics of BB OC at bulk chemical and molecular levels,
benefiting the understanding of BrC sources and chromophores.” (Pages 4-5, lines 94-105)

The conclusion was changed to:

“The comparisons of light-absorbing properties (MACsss, MACsso, and Agps) of BB OC
with EC/OC in this study support that burn conditions are not the only factor impacting BrC
absorption. Other factors like fuel type or ambient conditions may also play important roles in



determining BrC absorption from BB. It may be impractical to predict BrC absorption solely
based on EC/OC ratios in BB emissions from different fuels or over different seasons. The
present study identified fourteen NAC chemical formulas in BB aerosols. The average tNACom%
of the FL forest, NC forest 1 and 2 (flaming and smoldering samples were combined)
experiments were 0.13 +0.059%, 0.13 £0.067%, and 0.11 +0.017% by weight, respectively,
and the NAC composition was also similar across the three BB experiments. Most of the NACs
formulas identified in this work were also observed in simulated SOA generated from chamber
reactions of aromatic VOCs with NOx, but the same NAC formula from BB and SOA could not
be assigned to the identical compound. In this work, the structures of NACs from BB were
characterized by methoxy and cyanate groups, which were predominately generated during the
flaming phase and might be an important feature for BB NACs. More work is warranted to
understand their exact structures and lifetimes. The average tNACom% and Abssgs inac% of the
flaming-phase samples were significantly higher (p < 0.05) than those of smoldering-phase
samples in the two NC forest BB experiments. Unlike the bulk MAC365 and MACss0, tNACom%
and Abssgs inac% correlated (p < 0.05) with EC/OC for both individual burns and pooled
experimental data, suggesting that burn conditions are an important factor in determining NACs
formation in BB. Except the compounds with cyanate groups, the NACs identified in this work
are likely strong BrC chromophores, as the average contributions of total NACs to bulk Abssss
(0.0.087 £0.024 to 1.22 £0.54%) are 3—10 times higher than their average mass contributions to
OM (0.023 £0.0089 to 0.18 +0.067%). However, more light-absorbing compounds from BB
with high MW need to be identified to apportion the unknown fraction (> 98%) of BrC
absorption.” (Pages 19-20, lines 440-464)

Specific Comments:
Comment 1

Pg 4, In 79-81 It would help if the authors discussed the discrepancy between the reported result
(2-18%) and Lin et al. (2017) (50-80%) in the results and discussion section.

Reply:

We added some discussions on the results from Lin et al. (2017) in page 19, lines 423—
431.

“Lin et al. (2016, 2017) investigated the light absorption of solvent extractable OC from
BB using a combination of HPLC, photodiode array (PDA) spectrophotometry, and high
resolution mass spectrometry (HRMS), and attributed a large portion (up to or greater than 50%)
of the solvent extracts absorption to a limited number of NACs, of which the MW are mostly
lower than 500 Da. However, the signal peaks in the HPLC/PDA chromatograms and the
corresponding UV-Vis spectra are likely composed by a mixture of light-absorbing compounds,



some of which are not NACs or even cannot be ionized under ESI positive or negative ion mode.
These might lead to an overestimation of NACs contribution to solvent extracts absorption.”

Since the results from Lin et al. (2016, 2017) might overestimate the contributions of
NACSs to solvent extracts of BB OM, we removed the reference in the introduction.

Comment 2

Pg 5, In 99-100 This is a weak statement. It would be more appropriate to include a 1-2 sentence
summary of the main conclusions of the paper.

Reply:

As we replied to the reviewer’s 8" general comment, the last paragraph of the
introduction was revised. We added a brief summary of the main conclusions and the broad
implications of this work in the end.

We stated that “In this work, a number of NACs formulas with structures that might be
specifically related to BB were identified, and the contributions of identified NACs to bulk BrC
absorption were calculated. These results shed lights on the light-absorbing characteristics of BB
OC at bulk chemical and molecular levels, benefiting the understanding of BrC sources and
chromophores.” (Page 5, lines 101-105)

Comment 3

Pg 7, In 165 | suggest moving the sentence on average recoveries of standard compounds to Pg 6,
In 144. 1t would make more sense there.

Reply:

We re-organized the method section, and moved the method details in the supplementary
information to the main text of the manuscript. The field blank and recovery analysis belong to
the quality assurance/quality control (QA/QC) of the quantification, and should appear after the
method details for NACs quantification. As such, we did not move the description about
recoveries of standard compounds.

Comment 4

Pg 8, In 178-181 Please consider referencing Fig 3a in the first paragraph. It is much easier to
read through with visuals.

Reply:



Fig. 3 of the original manuscript is now Fig. 2 in the revised manuscript and first appears
in section 3.1, paragraph 2, and right after the discussion on the relationship between light-
absorbing properties of BB OC and EC/OC ratios with previous studies (Page 11, line 240).

In the first paragraph, we mainly compared the light-absorbing properties of OC across
the three BB experiments using Table 1. The information presented in Fig. 2 is more related to
the second paragraph in section 3.1.

Comment 5

Pg 10, In 230-232 The sentence about quantification with surrogates should be mentioned earlier
in the text and in a more systematic way. It is a strength of the paper so it should be better
highlighted.

Reply:

Yes, we mentioned the use of surrogates with detail in the method section in the revised
manuscript (Page 8-9, lines 188-194).

“Due to the lack of authentic standards, most of the NACs in BB samples were quantified
using surrogates in this work. In general, the surrogate compound with similar molecular weight
(MW) and/or structure was selected for the mass quantification of each identified NAC. Since
the standard compound with hydroxyphenyl cyanate structure is not commercially available,
CgH;NO,4 and CgHgNO, were quantified as 2-methyl-5-nitrobenzoic acid (CgH;NO,4) and 2,5-
dimethyl-4-nitrobenzoic acid (C9HgNO,), respectively; all the identified NACs with MW > 200
Da were quantified as 2-nitrophloroglucinol (CgHsNOs).”

Comment 6

Pg 13, In 302 Can the authors use nitroaromatic compounds as internal standards to quantify the
compounds with benzisoxazole structures? The readers will not really know how these
compounds absorb. This could be clarified with including the PDA spectra, as suggested above,
and comparing these spectra to the surrogate’s spectrum.

Reply:

As we replied to the reviewer’s 1% general comments, the identified NACs with a loss of
OCN group in the MS/MS spectra were expected to have a phenyl cyanate structure, but not
benzoxazole or benzisoxazole structures. According the UV-Vis spectra of 2,4-dimethoxyphenyl
isocyanate, 4-methoxyphenyl isocyanate, and phenyl cyanate (Fig. S6b), the contributions of
those NACs with cyanate groups to the absorption of bulk solvent extracts were likely to be 0.



As we replied to the reviewer’s 6™ general comments, the signal peaks in the HPLC/PDA
or DAD chromatograms and the corresponding UV-Vis spectra are composed by a mixture of
light-absorbing compounds (Lin et al., 2016), some of which are not NACs or even cannot be
ionized under ESI positive or negative ion mode. As such, the PDA/DAD spectra cannot reflect
the light-absorbing characteristics of individual NACs. Fig. S6 provides the UV-Vis spectra of
authentic and surrogate standard compounds, which are used to drive the mass absorption
coefficients (MAC) of individual NACs in Xie et al. (2017) and this work (NACs with cyanate
groups are expected to have a MAC value of 0).

In the revised manuscript, the calculation of NACs contribution to solvent extracts
absorption was introduced with more details in pages 17-18, lines 392—402.

“For each sample extract, individual NACs contributions to Abszss (AbSzesnac%) were
calculated using their mass concentrations (ng m™) and the MACsgs values of individual
compound standards (MACszgs nac), @S applied in Zhang et al. (2013) and Xie et al. (2017a). Here,
the MAC365 nac Value is OM based with a unit of m? g'l. Each NAC formula was assigned to an
authentic or surrogate standard compound to estimate the contribution to Abszgs of extracted OM
(Table 2). Except the NACs with a phenyl cyanate structure, the standard compounds used for
the NACs absorption calculation and mass quantification were the same (Table 2), and their UV-
Vis spectra were obtained from Xie et al. (2017a) and shown in Fig. S6a. The UV-Vis spectra of
three standard compounds with cyanate or isocyate groups are given in Fig. S6b, and none of
them has absorption in the range from 350 to 550 nm. As such, the NACs with cyanate groups
identified in this work were supposed to have no contribution to bulk Abszgs.”

Comment 7

Pg 13 Are the identified nitrogen-containing species that are called potentially tracer compounds
in this study primarily flaming or smoldering? It was not clear to me based on the writing.

Reply:

As we replied to the reviewer’s 3" general comments, instead of discussing the
uniqueness of the four compounds (C1oH11NO4, C10H11NOs, C11H13NOs and C13H13NOg) in BB
NACs, we tried to shed lights on the representative functional groups of NACs from BB in the
revised manuscript (Page 16-17, lines 364-390). We found that the NACs from BB might be
featured by methoxy and cyanate groups. According to Table 2 and Fig. 3 in the revised
manuscript, the NACs containing methoxy and/or cyanate groups are predominately generated
during the flaming phase of BB experiments.

In the revised manuscript, we mentioned these in section 3.2, page 17, lines 375-385,



“Compared to the NACs in aromatic VOCs/NOx SOA (linuma et al., 2010; Lin et al.,
2015;Xie et al., 2017a; Pereira et al., 2015), the structures of NACs from BB in this work were
characterized by methoxy and cyanate groups. The methoxyphenol structure is a feature in polar
organic compounds from BB (Schauer et al., 2001;Simpson et al., 2005;Mazzoleni et al., 2007).
The cyanate group was rarely reported in gas- or particle-phase pollutants from BB, which might
be a missed feature of BB NACs. Va&asSavo et al. (2015) found that cyanate could be formed
during the thermal conversion (e.g., pyrolysis, gasification) of black liquor, which is the waste
product from the kraft process when digesting pulpwood into paper pulp and composed by an
aqueous solution of mixed biomass residues. According to Table 2 and Fig. 3, the NACs
containing methoxy and/or cyanate groups are predominately generated during the flaming phase
in the two NC forest experiments.”

and section 4 (Conclusions), page 20, lines 451-453,

“In this work, the structures of NACs from BB were characterized by methoxy and
cyanate groups, which were predominately generated during the flaming phase and might be an
important feature for BB NACs.”
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Figure 3. Relative mass contributions of identified N-containing aromatic compounds in BB
samples collected during (a) FL forest, (b) NC forest 1 and (c) NC forest 2 experiments.



Comment 8

Pg 15 Do burn conditions affect substituents, i.e., the number of OH groups? A brief discussion
of this would be useful.

Reply:

Yes. According to our replies to the reviewer’s previous comments, the identified NACs
from BB are featured by methoxy and cyanate groups, which are predominately generated during
the flaming phase of the BB experiment. We discussed this in pages 16-17, lines 364-387 and
mentioned this in the conclusions (page 20, lines 451-453)

Section 3.4 in the original manuscript was divided and added into previous sections in the
revised manuscript separately. Pages 10-11, lines 231-244; page 13, lines 294-298; page 18,
lines 415-417.

Comment 9

Pg 15, In 344 It would be helpful to mention here light-absorbing compounds formed at low
EC/OC, i.e., tar balls

Reply:

Yes. As section 3.4 was divided and added into previous sections, we mentioned the
formation of light-absorbing compounds at low EC/OC (e.g., tar balls) with a reference
(Chakrabarty et al., 2010) in page 11, lines 243-244.

Comment 10

Figure 3c. I would color code by fuel like in a). Also, there is not a strong correlation. Please
remove the trend line.

Reply:

Fig. 3 in the original manuscript is now Fig. 2 in the revised manuscript. Individual burns
data have already been colored by fuel in Fig. S3e of the supplementary information and Fig. 2¢
here presents the results for pooled experimental data. The correlation in Fig. 2c is not strong but
significant (p < 0.05). So we kept the trend line in Fig. 2c, and did not color code by fuel in Fig.
2cC.



Technical Corrections:

1. Pg 2 In 38 I would I would change “test-specific data” to “individual fires”. I think it is less
confusing.

Reply:

The “test-specific data” was changed into “individual burns data” throughout the
manuscript.

2. Pg 2, In 48-50 The last sentence of the abstract is unclear to me. Please consider revising.
Reply:

The expression was changed into: “The contributions of identified NACs to organic
matter (OM) and BrC absorption were significantly higher in flaming-phase samples than those
in smoldering-phase samples, and correlated with EC/OC ratio (p < 0.05) for both individual
burns and pooled experimental data, indicating that the formation of NACs from BB largely
depends on burn conditions.” (Page 2, lines 47-51)

3. Pg 3, In 55-56 Specify OC emissions are specifically OC particle emissions
Reply:
Thanks, we added “particle” in page 3, line 60.

4. Pg 3, In 59 Revise wording of “shorter visible region”. Should be near UV, instead of just UV
(300-400 nm)

Reply:

The original expression was changed into “while light absorption of BB OC increases
rapidly from the purple-green region (400-550 nm) to near ultraviolet (UV) region (300-400
nm).” (Page 3, lines 62—64)

5. Pg 4, In 84 Cite linuma 2010. It is a critical reference here.
Reply:

Thanks, added as suggested in page 4, line 86.
6. Pg 7, In 161 Include exactly which internal standards are used.

Reply:



We have already mentioned the compound name and amount of internal standard in page
6, line 143 in the original manuscript, now in page 8, line 167.

7.Pg 12, In 268 is —> was
Reply:
Thanks, revised as suggested. Page 15, line 347.
8.Pg 12, In 271 are —> were
Reply:
Thanks, revised as suggested. Page 16, line 353.
9. Pg 16, In 358 Include that these are average tNACOM% by weight
Reply:

Thanks, revised as suggested. Page 20, line 447.
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Reviewer 2

This manuscript present a decent study on the light absorption of biomass burning organic
aerosols (BBOA) from controlled laboratory burning experiment, with particular focus on the
nitroaromatic compounds (NACs), which has been identified as an important light absorbers of
OA recently.

1. Overall this manuscript is well written with clear logic and good English. The only problem on
the organization of the content is that the authors keep so many valuable information in the SI,
making it impossible to understand their major conclusions without reading the SI. | suggest to
move some of them (e.g., Table S2, Figure S2-S4 with some modifications) into the main articles.

Reply:

Thanks for the reviewers comments. We re-organized the manuscript, and moved Table
S2 and Fig. S2 in the original supplementary information to the main text in the revised
manuscript. The method details on bulk absorption measurement and calculation, surrogate
assignment for NACs quantification, and surrogate assignment for the calculation of NACs
contribution to solvent extracts absorption were also moved to the main text from supplementary
information (Pages 67, lines 135-163; pages 8-9, lines 188-194; page 17-18, lines 397—402).

2. Another major issue is the identification of NACs in section 3.2: the authors attempt to get
some structural information of NACs through measuring their MS/MS spectra. However, those
results should be interpreted more carefully. I don’t see any references cited when they discuss
the relationship of fragmentation pattern with possible molecular structures. E.g., at line 250-252,
“the loss of CNO suggest the skeleton of benzisoxazole: : :: : :” similar issues can also be found
at line 259-261, line 264, line 269-274. The authors may need to find some references
investigating the MS/MS spectra of even-electron ions of known standard compounds with
similar MS conditions (e.g., https://onlinelibrary.wiley.com/doi/pdf/10.1002/jms.1234) to make
educated guess of the structures.

Reply:

In the revised manuscript, we added some references and the MS (or MS/MS) spectra of
four additional standard compounds to obtain appropriate guess of NACs structures. Finally, the
loss of CNO from some NACs was attributed to the existence of a phenyl cyanate structure.

Page 14-15, lines 311-331. “Both MS/MS spectra of the two CgHgNO, isomers reflect
the loss of OCN (Fig. 1l,m), suggesting a skeleton of benzoxazole/ benzisoxazole or the
existence of a cyanate (—-O-C=N) or isocyanate (-N=C=0) group. Volatile organo-isocyanate
structures (e.g., CH3NCO) were identified from anthropogenic biomass burning (Priestley et al.,
2018), and benzoxazole structures have been observed in pyrolyzed charcoal smoke (Kaal et al.,
2008). Giorgi et al. (2004) investigated the fragmentation of 3-methyl-1,2-benzisoxazole and 2-



methyl-1,3-benzoxazole using a CID technique under different energy frames, and found a loss
of CO but not OCN for both of them. In this work, four standard compounds, including phenyl
cyanate (C¢HsOCN), benzoxazole (C;HsNO), 4-methoxyphenyl isocyanate (CH3OCgH4sNCO),
and 2,4-dimethoxyphenyl isocyanate  [(CH30),C¢HsNCO] were analyzed using a gas
chromatography (Agilent 6890) coupled to a mass spectrometer (Agilent 5975B) under electron
ionization (El, 70 ev) mode. These compounds do not have a phenol structure and cannot be
detected using ESI under negative ion mode. The MS/MS spectra of 4-methoxyphenyl
isocyanate and 2,4-dimethoxyphenyl isocyanate were obtained by using a modified method (ESI
at positive ion mode) for NACs analysis in this work. As shown in Fig. S4a and b, the loss of
OCN is observed for phenyl cyanate, but not benzoxazole. In Fig. S4c and d, the ions at m/z 106
and 136 can be produced from the species at m/z 149 and 179 through the loss of CH3 + CO or H
+ NCO (43 Da). The MS/MS spectra of 4-methoxyphenyl isocyanate and 2,4-dimethoxyphenyl
isocyanate (Fig. S4e,f) confirmed the loss of CH; + CO, and the loss of CH3 reflected the
presence of methoxy group. As such, the CoHgNO, compounds identified in this work is
expected to contain a phenyl cyanate structure.”
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Figure S4. Mass spectra of (a) phenyl cyanate, (b) benzoxazole, (c) 4-methoxyphenyl isocyanate,
and (d) 2,4-dimethoxyphenyl isocyanate with EI mode; MS/MS spectra of (e) 4-methoxyphenyl
isocyanate and (f) 2,4-dimethoxyphenyl isocyanate with ESI positive ion mode.



Regarding the structure of CgH;NOy, the original expression was changed into:

“Like CgHgNO, (Fig. 1l,m), the loss of OCN was observed for the fragmentation of
CgH;NO, in the MS/MS spectra (Fig. 1f,g), and a phenyl cyanate structure was proposed (Table
2). However, the fragmentation mechanism associated with the loss of single nitrogen is
unknown and warrants further study.” (Page 15, 337-340)

The first isomer of CgHgNO,4 has a dominant ion of m/z 137, reflecting the loss of NO and
CHs. Before this, we have mentioned that the loss of CH3 can reflect the presence of methoxy
group in pages 14-15, lines 329-330. Referring to MS/MS spectrum of 4-nitrophenol (Fig. S2a),
the first CsHgNO, isomer might contain a methyl nitrophenol skeleton with a methoxy group.
Page 15, lines 341-344.

The text in lines 269-274 of the original manuscript was changed into:

“In Fig. 1n, the ion at m/z 167 is attributed to the loss of two CH3 from the [M-H]" ion of
CgHgNOs, and the loss of H + CO + NO is a common feature shared by several nitrophenol-like
compounds (Fig. 1b,c,e,i), so the CgHgNOs compound was identified as dimethoxynitrophenol.
The MS/MS spectra of C1gH11NOg4, C10H11NOs, C11H13NOs, and C13H13NOg were characterized
by the loss of CH3 and/or OCN (Fig. 1o0-t), indicting the existence of methoxy and/or cyanate
groups (Fig. S4). Although the exact structure of these NACs cannot be determined, their
functional groups on the benzene ring were proposed in Table 2 from their fragmentation
patterns. ” (Pages 15-16, lines 349-356)

In the revised manuscript, the structures of identified NACs in this work were mostly
prosed by comparing their MS/MS spectra to authentic and surrogate standard compounds.

Other problems:

1. Abstract, line 48-50: this sentence is confusing. | understand that the authors want to say that
the burn conditions affect significantly on NACs formation, but slightly on the bulk absorptive
properties of BB BrC. However, it reads like the author compare burn condition and bulk
adsorptive properties’ influence on the formation of NACs.

Reply:

Thanks for the reviewer’s comment. We revised the abstract, and the expression was
changed into “The contributions of identified NACs to organic matter (OM) and BrC absorption
were significantly higher in flaming-phase samples than those in smoldering-phase samples, and
correlated with EC/OC ratio (p < 0.05) for both individual burns and pooled experimental data,
indicating that the formation of NACs from BB largely depends on burn conditions.” (Page 2,
lines 47-52)



2. Section 2.3, HPLC/DAD-MS analysis: the authors use the same analytical method developed
in their previous study and described briefly in the current manuscript. It is better to describe the
HPLC elution protocols as well so that we don’t need to go to another paper if someone want to
try the same method or make any comparisons or evaluations about the chromatograph
separation.

Reply:
Yes, we added the HPLC elution protocols in page 8, lines 172-175.

“The flow rate of the column was set at 0.2 mL min™, and the gradient separation was
conducted with 0.2% acetic acid (v/v) in water (eluent A) and methanol (eluent B). The
concentration of eluent B was 25% for the first 3 min, increased to 100% from 3 to 10 min, held
at 100% from 10 to 32 min, and then decreased back to 25% from 32 to 37 min.”

3. Line 243-244: the retention time of compound showed in Figure S2b and Figure S3b don’t
match, with difference ~0.3min, which is too large for a ~20-min length LC chromatogram. If
they are the same compound, not only their MS/MS spectra, but also their RTs should also match
with each other. Any explanation?

Reply:

Figs. S2 and S3 in the original supplementary information are now Fig.1 in the main text
and Fig. S2 in the revised supplementary information, respectively.

As shown in Fig. S2 caption, the MS/MS spectra of standard compounds were obtained
from the author’s previous study (Xie et al., 2017) on NACs mass and absorption in simulated
secondary organic aerosol (SOA). The BB samples in this work and the SOA samples in Xie et
al. (2017) were not analyzed together in the same batch. Between these two studies, a few
hundred of runs were performed and the properties (e.g., pressure) of guard and/or analytical
HPLC columns changed, which is likely the reason for the unmatched retention time between
Fig. 1b and Fig. S2b. The retention time of C¢HsNO, (nitrocatechol) in Fig. 1b matched with the
authentic standard in calibration curve solutions. To clarify that the MS/MS spectrum of 4-
nitrocatechol is from a different study, we cited Xie et al. (2017) in page 8, line 186 and page 14,
line 306.
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Reviewer 3
General comments:

This manuscript presents an interesting study on the presence of nitrogen containing aromatic
compounds and their light absorbing properties in laboratory generated biomass burning organic
aerosols. | found the manuscript difficult to follow in its current form, mainly because most of
important information that supports the authors’ discussion is presented in supporting
information (Tables S1, S2, and Figure S2). They can be moved to the main manuscript. Apart
from the organization of the manuscript, | have three issues that |1 want the authors to address
prior to the acceptance of this manuscript.

Reply:
Thanks for the reviewer’s comments, and we replied to each comment as below.
Specific major comments:

1. Table S1 MAC365 for 7/14/2016 sample and lines between 199 and 202. This highlights the
difficulties associated with the comparison of the data obtained from laboratory combustion
experiments. As the authors suggest between the lines 199 and 202, the ambient condition
appears to be very important for MAC365 values because the summertime combustion of NC
forest 2 shows significantly higher values for MAC365 than the springtime combustion of NC
forest 1. This can only mean higher absorption coefficients of the NC forest 2 samples than those
of the NC forest 1 or lower methanol extractable mass concentrations of the NC forest 2 samples
than those of the NC forest 1. Based on the higher ambient temperature of the NC forest 2
experiments, | assumed that this originates from the difference in gas/particle partitioning (i.e.
higher gas phase concentrations of MAC365 compounds in NC forest 2 experiment) though it is
not too clear to me if this is the case when | see the mass fractions of MAC365 products depicted
in Figure 1 and Table S4. From Figure 2 and Table S6, it can also deduce that the samples from
NC forest 2 combustion contained highly light absorbing compounds that are not detected in this
study. Can the authors elaborate more in the manuscript? As is now, it is not too clear to me why
the MAC365 values are so different when other parameters are relatively similar.

Reply:

In the revised manuscript, we added more discussions on the significant difference in
bulk MAC3es of solvent extractable OC between the two NC forest experiments. We have
considered the evaporation of more volatile OC in summer, which might not be the main reason.
It is very likely that stronger light-absorbing components are generated from BB in summer than
in spring, but the mechanism is unknown and warrants further study.

In pages 11-12, lines 251-263,



“The two NC forest experiments were conducted in spring and summer, respectively,
with distinct ambient conditions (Table S1), and their average MAC345 values were significantly
(p < 0.05) different. This could be partly ascribed to the fact that more semi-volatile OC (SVOC)
will partition into gas phase in summer with higher ambient temperatures, and the SVOC is less
light-absorbing than OC with low volatility (Chen et al., 2010;Saleh et al., 2014). However, if
the relative abundance of EC and OC from BB emissions is similar between the two NC forest
experiments, the evaporation of SVOCs in summer will lead to higher EC/OC ratios, which is
not observed in Table 1. No previous study investigated the seasonal variation in BrC absorption
from BB with similar fuel type. Chen et al. (2001) found that the ambient temperature might play
a role in EC production from traffic by changing the air density. We suspected that the BB
samples from NC forest 2 combustion in summer contained much stronger light-absorbing
components than NC forest 1 combustion in spring, although the formation mechanism of these
strong BrC components is uncertain and merits further study.”

2. Line 215: Is there a reason for the choice of 1.7 OM/OC factor? In the original paper of Turpin
and Lim (2001), 1.7 was not mentioned as a conversion factor for biomass burning organic
aerosol. Values for fireplace combustion cited in Turpin and Lim (2001) were between 1.9 and
2.1 that were determined by Schauer (1998). In addition, there are several more recent values
available in the literature.

Reply:

Thanks for the reviewer’s comment. We used the wrong reference in the original
manuscript, and we replaced Tupin and Lim (2001) with Reff et al. (2009). In the supplementary
information of Reff et al. (2009), they went through a summary of the OM/OC ratio of various
sources and they arrive at a value of 1.7 for biomass burning/wood burning.

3. Identification of the benzisoxazole skeleton It is not clear to me why the authors attributed the
loss of CNO as the presence of the benzisoxazole skeleton instead of e.g. isocyanates for
C9HINO4 compounds. By losing CNO (actually HCNO) from the benzisoxazole skeleton, one
forms highly unstable biradical product ions that aren’t likely detected in MS. Can the authors
shed light on how the fragments are formed in the revised manuscript?

Reply:

Yes, we should not attribute the loss of OCN to a benzoxazole structure without enough
evidence. In the revised work, four standard compounds, including phenyl cyanate (C¢HsOCN),
benzoxazole (C;HsNO), 4-methoxyphenyl isocyanate (CH3;OCgH;NCO) and 2,4-
dimethoxyphenyl isocyanate [(CH30),CsH3NCO], were analyzed using a gas chromatography



(Agilent 6890) coupled to a mass spectrometer (Agilent 5975B) under electron ionization (El, 70
ev) mode. These compounds do not have a phenol structure and cannot be detected using ESI
under negative ion mode. The MS/MS spectra of 4-methoxyphenyl isocyanate and 2,4-
dimethoxyphenyl isocyanate were obtained by using a modified method (ESI at positive ion
mode) for NACs analysis in this work. As shown in Fig. S4a and b in the revised supplementary
information (See below), the loss of OCN is observed for phenyl cyanate, but not benzoxazole.
In Fig. S4c and d, the ions at m/z 106 and 136 can be produced from the species at m/z 149 and
179 through the loss of CH; + CO or H + NCO (43 Da). The MS/MS spectra of 4-
methoxyphenyl isocyanate and 2,4-dimethoxyphenyl isocyanate (Fig. S4e,f) confirmed the loss
of CH3 + CO, and the loss of CHj reflected the presence of methoxy group. As such, the
CyHgNO,4 compounds identified in this work is expected to contain a phenyl cyanate structure.

These results and discussions were added in the revised manuscript (Pages 14-15, lines
311-331).
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Figure S4. Mass spectra of (a) phenyl cyanate, (b) benzoxazole, (c) 4-methoxyphenyl isocyanate,
and (d) 2,4-dimethoxyphenyl isocyanate with EI mode; MS/MS spectra of (e) 4-methoxyphenyl
isocyanate and (f) 2,4-dimethoxyphenyl isocyanate with ESI positive ion mode.
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ABSTRACT

This study seeks to understand the compositional details of ritrearematic-N-containing
aromatic_compounds (NACs) emitted during biomass burning (BB) and their contribution to
light-absorbing organic carbon (OC), also termed brown carbon (BrC). Three laboratory BB
experiments were conducted with two U.S. pine forest understory fuels typical of those
consumed during prescribed fires. During the experiments, submicron aerosol particles were
collected on filter media and subsequently extracted with methanol and examined for their
optical and chemical properties. Significant correlations (p < 0.05) were observed between BrC
absorption and elemental carbon (EC)/OC ratios for testspeeificindividual burns data. However,
the pooled experimental data indicated that the BB BrC absorption depends on more than the BB
fire conditions as represented by the EC/OC ratio. Fourteen NACs formulas were identified in

the BB samples, most of which were also observed in simulated secondary organic aerosol (SOA)

from photo-oxidation of aromatic VOCs with NOx. However, the molecular structures associated

with the identical NAC formula from BB and SOA are different. In this work, the identified

NACs from BB are featured by methoxy and cyanate groups, and are predominately generated

during the flaming phase. The mass concentrations of identified NACs were guantified using

authentic and surrogate standards, and their contributions to bulk light absorption of solvent

extractable OC were also calculated. The contributions of identified NACs to organic matter

(OM) and BrC absorption in flaming phase samples are significantly higher than those in

smoldering samples, and correlate with EC/OC ratio (p < 0.05) for both individual burns and

pooled experimental data, indicating that the formation of NACs from BB largely depends on

burn conditions. The average contributions of identified NACs to overall BrC absorption at 365

nm ranged from 0.087 #0.024 to 1.22 +0.54%, 3 — 10 times higher than their mass contributions
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to OM (0.023 #+0.0089 to 0.18 +0.067%), so the NACs with light absorption identified in this

work from BB are likely strong BrC chromophores. Further studies are warranted to identify

more light-absorbing compounds to explain the unknown fraction (> 98%) of BB BrC absorption.

four—of-which—{C1oH1.NO4,—C10H11NO5;—C11H1sNOs—and—C11H1:NOg)-have—not-been
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1 Introduction

Biomass burning (BB), including residential burning for cooking, heating, and open
burning, is a major source of atmospheric carbonaceous aerosol, contributing 62% and 93% of
black carbon (BC) and primary organic carbon (OC) particle emissions, respectively (Bond et al.,
2004). BC can absorb sunlight across the entire spectral range with a weak dependence on
wavelength (1) (Bond, 2001;Bond et al., 2013;Lack and Langridge, 2013), while light absorption
of BB OC increases rapidly from the sherter-visiblepurple-green region (400-550 nm) to the-near

ultraviolet (UV) region (300—400 nm) (Kirchstetter et al., 2004;Laskin et al., 2015;Chakrabarty
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et al., 2016;Xie et al., 2017b). The light absorption caused by BC and OC from BB can affect the
Earth’s radiative balance (Ramanathan et al., 2001;Anderson et al., 2003;Bond and Bergstrom,
2006), and BC emission factors and its warming effect have been intensively investigated (Bond
et al., 2004;Bond et al., 2013). However, the optical properties and chemical composition of
light-absorbing OC, also termed brown carbon (BrC) from BB is less well characterized. The
chromophores in BrC are expected to have high degree of unsaturation or conjugation (Chen and
Bond, 2010;Lin et al., 2014;Laskin et al., 2015), but are seldom identified and used as BrC
tracers in the atmosphere (Desyaterik et al., 2013;Zhang et al., 2013;Teich et al., 2016).

Polycylic aromatic hydrocarbons (PAHs) and their derivatives are typical BrC
chromophores (Samburova et al., 2016;Huang et al., 2018), of which the light absorption in the
UV and visible wavelength range is highly dependent on ring numbers and degree of conjugation
(Samburova et al., 2016). However, PAH emissions are not source-specific, but are associated
with multiple different combustion processes, including BB (Samburova et al., 2016), coal
burning (Chen et al., 2005), motor vehicle emissions (Riddle et al., 2007), etc. Therefore, PAHs
are not unique to BB BrC. N-containing #trearomatic compounds (NACs) are another class of
BrC chromophores that have been detected in BB (Lin et al., 2016), cloud water (Desyaterik et
al., 2013) and atmospheric particles (Zhang et al., 2013;Teich et al., 2017). In water extracts of

atmospheric particles, NACs can contribute greater than 3% of the light absorption at 365-370

nm (Zhang et al., 2013;Teich et al., 20462017). Lin-etak (2017)-investigated-the-influenceof BB

Am—These results suggest that

NACs are important BB-BrC chromophores, but their composition and structures are less certain

for BB aerosols. Nitrophenols, nitrocatechols, and methyl nitrocatechols (including isomers) are
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commonly observed in BB aerosols (linuma at al., 2010; Claeys et al., 2012;Lin et al., 2016;Lin

et al., 2017), and are also generated from the photo-oxidation of benzene, toluene, and m-creosol
in the presence of NOx (linuma et al., 2010;Lin et al., 2015;Xie et al., 2017a). As such, other
NAC structures specific to BB are needed to represent BB BrC chromophores. Additionally,
very few studies have examined the influence of burn conditions on the formation of NACs in
BB emissions, although it is well known that increasing combustion temperature, or flaming
dominated combustion, is associated with strong BrC absorption (Chen and Bond, 2010;Saleh et
al., 2014).

The present study attempts to characterize the compositional profile of NACs from BB,
identify additional NAC structures in laboratory BB samples,—characterize-the—compositional
pretile et MACs wom PR and rvestigate-evaluate the selotionshis-bebueenthel—ommationand

fire-conditionscontributions of NACs to bulk absorption of solvent extractable OC from BB. A

high-performance liquid chromatograph interfaced to a diode array detector (HPLC/DAD) and
quadrupole (Q)-time-of-flight mass spectrometer (ToF-MS) was used to examine NACs in PM;5
(particulate matter with aerodynamic diameter < 2.5 pm) from three BB experiments. A thermal-
optical instrument determined bulk OC and elemental carbon (EC) in the PM, and a UV/Vis
spectrometer was used to measure total BrC absorption in methanol extracts of BB PM;. In this

work, a number of NACs formulas with structures that might be specifically related to BB were

identified, and the contributions of identified NACs to bulk BrC absorption were calculated.

These results shed lights on the light-absorbing characteristics of BB OC at bulk chemical and

molecular levels, benefiting the understanding of BrC sources and chromophores.
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2 Methods

2.1 Laboratory open BB simulations

Laboratory simulations of open BB were conducted at the U.S. EPA [Research Triangle
Park (RTP), North Carolina (NC)] Open Burn Test Facility (OBTF), a 70 m® enclosure, as
detailed in Grandesso et al. (2011). Details of the protocols for biomass fuel collection and burn
simulations were provided elsewhere (Aurell and Gullett, 2013;Aurell et al., 2015;Holder et al.,
2016). Briefly, forest understory fuels were gathered from two different locations in the
southeastern United States — Florida (FL) and NC. The FL forest field (Eglin Air Force Base,
FL) is characteristic of a well-managed long leaf pine (Pinus palustris) ecosystem. The NC
forest was located near the EPA campus in RTP, and it contained mainly Loblolly pine (Pinus
taeda) with some deciduous hardwood trees leaf litter. Biomass fuel was divided by a quartering
procedure (Aurell and Gullett, 2013) and burned in batches (1 kg) on an aluminum foil-coated
steel pan (1 m <1 m). Ambient air was pulled into the OBTF through a large inlet at ground
level and the combustion exhaust was drawn through a roof duct near a baghouse using a high-
volume blower. PM, s was sampled at 10 L min’* on Teflon (47 mm, Pall, Ann Arbor, Michigan,
USA) and pre-heated (550 °C, 12 h) quartz filters (QF, diameter 43 mm, Pall) with a PM,s
impactor (SKC, Pittsburgh, Pennsylvania, USA). For the NC forest fire simulation, filter samples
were collected during an initial flaming phase lasting approximately 1-3 minutes. After most of
the flames were extinguished, a second set of filter samples were obtained for the smoldering

emissions. Smoldering samples were collected until there was little or no visible smoke being
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emitted from the fuel bed, typically lasting 6-15 minutes. Two separate experiments were done
with the NC forest fuels in spring and summer, respectively, with different ambient temperatures
(Table S1). Sampling of the FL forest fire simulations was done in autumn over the complete
burn, not by combustion phase. Only one experiment was done for the FL forest fuels collected
in fall. Background samples were obtained post-burn inside the OBTF. A summary of the sample
information is provided in Table S1 of the supporting information.
2.2 Bulk carbon and light absorption measurement

Details of the bulk OC, EC and light absorption analysis methods are provided in Xie et
al. (2017a,b). Briefly, the bulk OC and EC were measured using an OC-EC analyzer (Sunset
Laboratories, Portland, OR) with a modified NIOSH method 5040 protocol (NIOSH, 1999). For

light absorption measurement, one filter punch (1.5 cm?) was extracted in 5 mL methanol (HPLC

grade) ultrasonically for 15 min, and then filtered through a 30 mm diameter

polytetrafluoroethylene (PTFE) filter with a 0.2 pm pore size (National Scientific Company).

The light absorption of methanol extracts was measured with a UV/Vis spectrometer (\V660,

Jasco Incorporated, Easton MD) over the wavelength range of 200 to 900 nm. To ensure data

quality, the wavelength accuracy (0.3 nm) and repeatability (=0.05 nm) were tracked every

month with a NIST traceable Holmium Oxide standard. Solvent background was subtracted with

a reference cuvette containing pure methanol. The extracted filter was air dried in a fume hood

overnight, and the residual OC was measured with the Sunset thermal-optical analyzer. The

extraction efficiency (1, %) of OC by methanol is calculated by:

_ 0C,—0Cy

N =2 X 100% )

where OCy,_is the OC content of PM, s filter before extraction and OC, is the OC content in the

air dried filter after extraction.
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The light absorption coefficient of the methanol extracts (Abs,, Mm™) is calculated as:

Absy = (Ar = Argo) X - In(10)____(2)

where Asq_is subtracted from A, to correct baseline drift, V, (m®) is the solvent volume (5 mL)

used for extraction, V4 (m°) is the air volume of the extracted filter area, L (0.01 m) is the optical

path length, and In (10) converts the absorption coefficient in units of m™ from log base-10 to

natural log (Hecobian et al., 2010). The bulk mass absorption coefficient (MAC,, m* gC™) is

calculated by:

AbS)L
Coc

MAC, = (3)

where Cq_is the mass concentration of extractable OC (OC, — OC,) for each filter sample (pg m°

%). The solution absorption Angstrém exponent (A4ps) is determined from the slope of the linear

regression of 10gi0(Abs;) vs. 10g10(A) over the A range of 300 to 550 nm. In the current work,

Abs, and MAC, were focused at 365 nm and 550 nm, representing the BrC absorption at near

UV and visible regions (Zhang et al., 2013;Saleh et al., 2014), respectively. The EC/OC ratio,

methanol extraction efficiency (1) and light-absorbing properties (Abs,, MAC, and Aq) of each

BB sample are listed in Table S1 and summarized in Table 1.
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2.3 Filter extraction and HPLC/DAD-Q-ToFMS analysis

The PM_ filter extraction and subsequent instrumental analysis methods used here are
the same as those described in Xie et al. (2017a). Briefly, a 4-6 cm?piece of each filter was pre-
spiked with 25 puL of 10 ng pL™ nitrophenol-d4 (internal standard, 1S), and extracted
ultrasonically in 3-5 mL of methanol twice (15 min each). After filtration and concentration, the
final volume was roughly 500 pL prior to HPLC/DAD-Q-ToFMS analysis. An Agilent 1200
series HPLC equipped with a Zorbax Eclipse Plus C18 column (2.1><100 mm, 1.8 pm particle

size, Agilent Technologies) was used to separate the target NACs_with an injection volume of 2

pL:. The flow rate of the column was set at 0.2 mL min, and the gradient separation was

conducted with 0.2% acetic acid (v/v) in water (eluent A) and methanol (eluent B). The

concentration of eluent B was 25% for the first 3 min, increased to 100% from 3 to 10 min, held

at 100% from 10 to 32 min, and then decreased back to 25% from 32 to 37 min. tThehe

identification and quantification of NACs were determined with an Agilent 6520 Q-ToFMS. The
Q-ToFMS was equipped with a multimode ion source operating in electrospray ionization (ESI)
and negative (-) ion modes. All samples were analyzed in full scan mode (40-1000 Da), and an

acceptance criterion of & 10 ppm mass accuracy was set for compound identification and

guantification. and—then—sThen selected samples were re-examined using collision-induced

dissociation (CID) technique MSAS—mede—under identical chromatographic conditions:.

guantification. TheThe MS/MS spectra of target [M—H]  ions provided m/z data, which was used

for identifying NAC structures.
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—The extracted ion chromatograms (EICs) and Q-ToF
MS/MS spectra for identified compounds in selected BB samples are provided in Figs. S1_of the

supplementary information —S2and Fig. 1, respectively-ef-the-supplementary-information. The
Q-ToF MS/MS spectra of standard ersurregateand surrogate -compounds used in this work are

obtained from Xie et al. (2017a) and provided in Fig. S3-S2 for comparison. Table 2 provides the

formulas, standard/surrogate assignments, and proposed structures of the identified NACs. Due

to the lack of authentic standards, most of the NACs in BB samples were quantified using

surrogates in this work. In general, the surrogate compound with similar molecular weight (MW)

and/or structure was selected for the mass quantification of each identified NAC. Since the

standard compound with hydroxyphenyl cyanate structure is not commercially available,

CsH/NO,4 and CgHgNO,4 were quantified as 2-methyl-5-nitrobenzoic acid (CgH;NO,) and 2,5-

dimethyl-4-nitrobenzoic acid (CgHygNO,), respectively; all the identified NACs with MW > 200

Da were quantified as 2-nitrophloroglucinol (CgHsNOs). The mass gQuantification was

-1

conducted using the internal standard method with 9-point calibration curves (~0.01-2 n

The compounds corresponding to each NAC formula (including isomers) were quantified

individually and added together for the calculation of mass contribution (%) to organic matter

(OM g m™®) in each sample- The quality assurance and guatity-control (QA/QC) procedures

applied for NACs quantification were provided in Xie et al. (2017a). Quantification—was

10
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(OM g ineash-samale—Field blank and background samples were free of contamination

for NACs. Average recoveries of standard compounds ranged from 75.1 to 116%, and the
method detection limit ranged from 0.70 to 17.6 pg (Table S3S2).
3 Results and discussion
3.1 Light absorption of extractable OC

The average EC/OC ratio, OC extraction efficiency, MACsss, MACsso and A of all
samples grouped by experiment and fire phase are shown in Table 1. Abbreviations for each
sample group are also listed in the table. The optical properties and bulk composition of the FL
forest samples were reported in Xie et al. (2017b). The average extraction efficiency for all
groups of BB samples is greater than 95% (range 97.0 =1.87 to 99.5 +0.33%), and the light
absorption exhibits strong wavelength dependence, with average Aqs values ranging from 5.68 =+
0.70 to 7.95 £0.22. For each of the two NC forest experiments, the samples collected during the
flaming phase (NF1 and NF2) have significantly higher (student’s t test, p < 0.05) average
EC/OC ratios, MAC3ss and MACssg, and lower (p < 0.05) A than those collected during the
smoldering phase (NS1 and NS2). When combining the results from the two NC forest
experiments, the average MAC3;gs values for NC forest 2 are significantly (p < 0.05) higher than
NC forest 1, despite having a comparable EC/OC ratio (NF1 = 0.042 +0.014 and NF2 =0.049 +
0.011, NS1 = 0.0098 +0.0024 and NS2 = 0.0075 +0.0026). Additionally, the average EC/OC
ratio of FF samples is 5-30 times higher than NF and NS samples, while the average MACsgs
and MACss, values of FF samples (1.13 +0.15 and 0.053 +0.023 m? gC™) are comparable to

NS1 samples (1.10 +0.11 and 0.054 +0.015 m? gC™), but lower than other NC forest samples.

11
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High temperature pyrolysis or intense flaming conditions are known to increase the«
fraction of EC in the total carbonaceous aerosol emissions of BB (Hosseini et al., 2013;Eriksson
et al., 2014;Martinsson et al., 2015;Nielsen et al., 2017). Several studies found that the light-
absorbing properties of BB OC could be parameterized as a function of the EC/OC or
BC/organic aerosol (OA) ratio, a measurement proxy for burn conditions (McMeeking et al.,
2014;Saleh et al., 2014;Lu et al., 2015;Pokhrel et al., 2016), and inferred that the absorptivity of
BB OC depended strongly on burn conditions, not fuel type. In Xie et al. (2017b)--), significant
correlations (p < 0.05) between MAC345 of methanol extractable OC from BB and EC/OC ratios
were observed only for samples with identical fuel type, but not for pooled samples with
different fuel types, indicating that both burn conditions and fuel types can impact the light
absorption of BB OC. The contradiction is possibly ascribed to different approaches used in
characterizing the light absorption of BB OC and different test fuel types (Xie et al., 2017b). In

the current work, we combined the sample measurements from all three BB experiments and

analyzed the correlations of bulk MACs6s_vs. EC/OC. For the analysis, we removed one FL

forest experiment sample due to the extremely high EC/OC ratio of 0.58 (burn 3, Table S1).

Generally, EC/OC ratios are < 0.4 for laboratory BB (Akagi et al., 2011;Pokhrel et al., 2016;Xie

et al., 2017b), and < 0.1 for field BB (Aurell et al., 2015;Xie et al., 2017b;Zhou et al., 2017).

Thus, the burn condition of the FL forest burn 3 (Table S1) is unrepresentative of laboratory BB

simulations or field BB. In Fig. 2a, the bulk MACses_of methanol-extracted OC correlated

significantly (p < 0.05) with EC/OC for each BB experiment. However, grouping these sample

measurements resulted in no correlation between MACss5 and EC/OC ratio (Fig. 2b). Similar

results were also observed for MACssovs. EC/OC and Agys vs. EC/OC correlations (Fig. S3a—d).

These results supported that BB BrC absorption depended on more than fire conditions, and

12
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light-absorbing components can be formed at relatively low EC/OC (e.g., tar balls) from

smoldering biomass combustion (Chakrabarty et al., 2010).

In this work, both the comparison of the flaming versus smoldering samples for each

NC experiment_ (Table 1) and the regressions of bulk MACs;gs versus EC/OC for individual burns

(Fig. 2a) suggests that the light absorption of OC from BB is strongly dependent on burn

conditions when the fuel type and ambient conditions are similar. The comparison of the FL

versus NC forest experiments (Table 1) and the relationship between bulk MACzes and EC/OC

for_grouped measurements (Fig. 2b) indicate that the burn conditions are not the only factor

impacting BB OC absorption. The two NC forest experiments were conducted in spring and

summer, respectively, with distinct ambient conditions (Table S1), and their average MACsgs

values were significantly (p < 0.05) different. This could be partly ascribed to the fact that more

semi-volatile OC (SVOC) will partition into gas phase in summer with higher ambient

temperatures, and the SVOC is less light-absorbing than OC with low volatility (Chen et al.,

2010;Saleh et al., 2014). However, if the relative abundance of EC and OC from BB emissions is

similar between the two NC forest experiments, the evaporation of SVOCs in summer will lead

to higher EC/OC ratios, which is not observed in Table 1. No previous study investigated the

seasonal variation in BrC absorption from BB with similar fuel type. Chen et al. (2001) found

that the ambient temperature might play a role in EC production from traffic by changing the air

density. We suspected that the BB samples from NC forest 2 combustion in summer contained

much stronger light-absorbing components than NC forest 1 combustion in spring, although the

formation mechanism of these strong BrC components is uncertain and merits further study. Fhe
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arole-in-BB-OC-absorption—ThusTherefore, the light absorption of BB OC may-beis influenced

by factors other than burn conditions—Adéditienally,-, and EC/OC ratios alone may not predict BB

OC light absorption from burns with varying fuel types and ambient conditions.
3.2 Identification and quantification of NACs

In the current work, fourteen NAC chemical formulas in BB samples were identified
(Table S2) using the HPLC/DAD-Q-ToFMS analysis, covering all the NACs with high
abundance and strong absorption in ambient and BB particles reported in previous work (Claeys
et al., 2012;Mohr et al., 2013;Zhang et al., 2013;Chow et al., 2016;Lin et al., 2016;Lin et al.,
2017). Their EICs are provided in Fig. S1. The NACs structures corresponding to each chemical
formula were examined using MS/MS data in Fig. S21. In Table S4S3, the averages and ranges
of relative mass contributions of identified NACs to OM are provided by BB experiment and

burn condition. Here the OM mass was calculated as 1.7 < OC mass (Furpin-et-al2001Reff et al.

2009). In addition, the average relative mass contributions of each NAC in BB samples are
shown in Fig. 13.
The three BB experiments have consistent mass contribution profiles (Fig. 4£3), although

they used different fuel types and were conducted in different seasons. In Table S3, Fthe BB

samples collected during flaming periods (NF1 and NF2) contain significantly higher (p < 0.05)
average relative mass contributions from total NACs to OM (tNACom%: NF1 0.18 £0.067%,
NF2 0.16 £0.045%) than those collected during smoldering periods (NS1 0.055 +0.026%, NS2
0.023 +0.0089%). During the FL forest burn experiment, flaming and smoldering phases were

not separated for sampling, and the average tNACom% is 0.13 £0.059%, which is between the

14
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tNACom% of the flaming and smoldering samples of the NC forest experiments. If we
recalculate the average tNACom% for the NC forest experiments by combining the flaming and
smoldering sample data in each burn, the three BB experiments (FL forest, NC forest 1 and 2)
show similar average tNACom% (0.11 +0.017-0.13 £ 0.059%), and the average tNACom%
across all samples in this work is 0.12 # 0.051% (range 0.037 to 0.21%). This value is
comparable to that observed at Detling (~ 0.5%), United Kingdom during winter, when domestic
wood burning is prevalent (Mohr et al., 2013). In the current work, most of the NACs were
quantified using surrogates, and their contributions to OM from BB may change if authentic
standards or different surrogates are used for quantification. However, the three experiments
might still have consistent relative mass contribution profiles of NACs and similar average
tNACom%, assuming burn conditions and fuel types have minor impact on the OM/OC ratio. As

shown in Fig. S3e and Fig. 2c, tNACom% correlated (p < 0.05) with EC/OC for both individual

burns and pooled experimental data. Therefore, unlike the light absorption of methanol

extractable OC, the formation of NACs in BB seems to depend largely on burn conditions, rather
than fuel types and ambient conditions.

Among the fourteen identified NAC formulas, C¢HsNO, and CgHgNO,4 have the highest
concentrations (Fig. 43) in FL forest and NC forest flaming-phase samples, accounting for 0.029
+0.011 to 0.037 +£0.011% and 0.023 +0.012 to 0.049 +0.016% of the OM, respectively (Table
S4S3). In NC forest smoldering-phase samples, CsHsNO,4 has the highest mass contribution
(NS1 0.024 +0.0098%, NS2 0.010 +0.0027%), followed by C;H;NO, (NS1 0.0087 +0.0030%,
NS2 0.0043 £0.0010%) and CgHgNO, (NS1 0.0052 +0.0033%, NS2 0.0047 +0.0013%) (Table
S4S3). The CgHsNO,4 was identified as 4-nitrocatechol by comparing its MS/MS spectrum (Fig.

S2b1b) with that of an authentic standard (Fig. S3bS2b)_in Xie et al. (2017a). The EIC of
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CyHgNO, exhibited 3-4 isomers (Fig. S1i), while only two MS/MS spectra (Fig. S2i1l,m) were
obtained due to the weak EIC intensity for compounds eluting at times > 10 min. The
fragmentation patterns of CgHgNO, compounds (Fig. S2i1l,m) are different from that of 2,5-
dimethyl-4-nitrobenzoic acid (reference standards with the same formula, Fig. S3gS2g) without

the loss of CO,, suggesting that the CgHgNO, compounds identified in this work lack a

carboxylic acid group. Both MS/MS spectra of the two CgHgNO, isomers reflect the loss of ENO

OCN (Fig. S2111,m), suggesting a skeleton of benzoxazole/ benzisoxazole-er-benzoxazele or the

existence of a cyanate (—-O—-C=N) or isocyanate (-N=C=0) group. Volatile organo-isocyanate

structures (e.g., CHsNCO) were identified from anthropogenic biomass burning (Priestley et al., [Formaned: Subscript
2018), and benzoxazole structures have been observed in pyrolyzed charcoal smoke (Kaal et al.,
2008). Giorgi et al. (2004) investigated the fragmentation of 3-methyl-1,2-benzisoxazole and 2-
methyl-1,3-benzoxazole using a CID technigue under different energy frames, and found a loss
of CO but not OCN for both of them. In this work, four standard compounds, including phenyl

cyanate (CsHsOCN), benzoxazole (C;HsNO), 4-methoxyphenyl isocyanate (CH3OCsH4NCO), [Formaned; Subscript

) ) ) \ {Formatted: Subscript

and 24-dimethoxyphenyl isocyanate  [(CH3z0),CsHsNCO] were analyzed using a gas [F P

ormatted: Subscript

chromatography (Agilent 6890) coupled to a mass spectrometer (Agilent 5975B) under electron [Formatted: Subscript

Formatted: Subscript

ionization (El, 70 ev) mode. These compounds do not have a phenol structure and cannot be % - .

Formatted: Subscript

detected using ESI under negative ion mode. The MS/MS spectra of 4-methoxyphenyl %F“ma“e"’ Subscript

Formatted: Subscript

isocyanate and 2,4-dimethoxyphenyl isocyanate were obtained by using a modified method (ESI (Formmed: Subscript

at positive ion mode) for NACs analysis in this work. As shown in Fig. S4a and b, the loss of %F“maued: Subscript

Formatted: Subscript

OCN is observed for phenyl cyanate, but not benzoxazole. In Fig. S4c and d, the ions at m/z 106 [Formaned: Font: Italic

and 136 can be produced from the species at m/z 149 and 179 through the loss of CHs + CO or H [Formaued: Font: Italic

[Formatted: Subscript

+ NCO (43 Da). The MS/MS spectra of 4-methoxyphenyl isocyanate and 2,4-dimethoxyphenyl
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isocyanate (Fig. S4e,f) confirmed the loss of CHs + CO, and the loss of CHs reflected the

presence of methoxy group. As such, the CgHgNO, compounds identified in this work is

expected to contain a phenyl cyanate structure. One-less-tikehy-explanation-forthe-loss-of CNO-is

CeHsNO; (Fig. S2ala) is identified as 4-nitrophenol using an authentic standard (Fig.

S3aS2a). C7H/NO4 has at least two isomers as shown in Fig. S1c that are identified as 4-methyl-
5-nitrocatechol and 3-methyl-6-nitrocatechol according to linuma et al. (2010) and Xie et al.
(2017a). Referring to the MS/MS spectrum of 4-nitrocatechol (Fig. S3bS2b), the CgHsNOs
compound should have a nitrocatechol skeleton with an extra hydroxyl group on the benzene
ring. Like CgHgNO, (Fig. S2111,m), the loss of OCN €0,-was net-observed for the fragmentation
of CgH;NO, in the MS/MS spectra (Fig. S2f1f,g), and a phenyl cyanate structure with—a

benzexazele—skeleton—was proposed (Table S22)._However, the fragmentation mechanism

associated with the loss of single nitrogen is unknown and warrants further study.- The CgHgNO,

identified in this work should have several isomers (Fig. S1f), and two representative MS/MS
spectra are provided in Fig. S2h-1h and i. The first isomer of CgHgNO,4 has a dominant ion of m/z

137, reflecting the loss of NO and CHj;. Comparing to the MS/MS spectrum of 4-nitrophenol

(Fig. S2a), Se;-the first CsHgNO, isomer might contain a methyl nitrophenol skeleton with a
methoxy} group. The fragmentation pattern of the second isomer of CgHgNO, is similar as
C7H;NO,, and the molecule is postulated as ethyl nitrocatechol. C;H;NOs has a similar
fragmentation pattern as CgHsNO4 and C;H;NO,, and is identified as methoxy} nitrocatechol. For

NC forest burns, C;0H;NO3 was only detected in flaming-phase samples (Fig. 13). The MS/MS
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spectrum of C;0H7;NO3 is subject to considerable noise, although the loss of NO, could be

identified (Fig. S2k1k). In Fig. 1n, the ion at m/z 167 is attributed to the loss of two CHg from the

[M-HT ion of CgHgNOs, and the loss of H + CO + NO is a common feature shared by several

nitrophenol-like compounds (Fig. 1b,c.e,i), so Fhe-the CgHgNOs compound was identified as

dimethoxyt-nitrophenol-based-en-its-MS/MS-spectrum-(loss-of-two-CH3). The MS/MS spectra of
C10H11NO4, C10H11NO5, C11H13N05, and CllH13NOG are ver—y—d+ﬁe¥eai—#em—4—mt¥ephenel—and
4-nitrocatechol(Fig—S3a:b),-characterized by the loss of CHz and/or OCN (Fig. 1o0-t), indicting

the existence of methoxy and/or cyanate groups (Fig. S4). Although the exact structure of these

NACs cannot be determined, their functional groups on the benzene ring were proposed in Table

2 from their fragmentation patterns.

skeleton-of-benzisoxazole-or-benzoxazole—In this work, -semethree of the identified NACs, such

as-4-nitrophenol, 4-nitrocatechol, and methyl nitrocatechols, were commonly observed in BB
emissions or BB impacted atmospheres (Claeys et al., 2014;Mohr et al., 2013;Budisulistiorini et
al., 2017). However—tThese compounds can also be generated from the photo-oxidation of
aromatic VOCs in the presence of NOx (linuma et al., 2010;Lin et al., 2015;Xie et al., 2017a).
Both BB and fossil fuel combustion can emit a mixture of aromatic precursors (e.g., benzene,
toluene) for secondary NACs formation (Martins et al., 2006;Lewis et al., 2013; George et al.,
2014;Gilman et al., 2015;Hatch et al., 2015;George et al., 2015). Therefore, the NACs uniquely

related to BB need-to-be-identifiedare needed to represent-represent BB emissionsBrC. In this

work, tthe NACs formula with molecular weight (MW) < 200 Da (from CgHsNO3, 138 Da to

CgHyNOs, 198 Da) were all identified in secondary organic aerosol (SOA) generated from
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chamber reactions with NOx (Xie et al., 2017a);-). However, the NACs from BB emissions and

SOA formations with the identical formulas might have different structures. For example, the

o o U

MS/MS spectra of C;H;NOs and CgHgNOs from BB in this work and aromatic VOCs/NOx [Formaned: Subscript

. - . _ _ [ Formatted: Subscript

reactions in Xie et al. (2017a) had distinct fragmentation patterns (Fig. S5). In Xie et al. (2017a), ‘ L Orattec ubsP

[Formatted: Subscript

the CgH7NO, and CoHgNO,4 generated from ethylbenzene/NOx reactions might have fragile [Formatted: Subscript

[ Formatted: Subscript

structures and their MS/MS spectra were not available. In this work, CgH;NO,4 and CgHgNO, [Formatted. Subscript

from BB emissions are more stable and are supposed to have a phenyl cyanate structure. Among [ Formatted: Subscript

the four NAC formulas with MW > 200 Da identified in this work (Table 2), CioH11NO, was ; [Formaned; Subscript

[ Formatted: Subscript

also observed as 5-methoxy-4-nitro-2-(prop-2-en-1-yl)phenol in SOA from reactions of methyl [ iahiaSl

[ Formatted: Subscript

chavicol and NOx (Pereira et al. (2015), which cannot be assigned to the C,0H13;NO, from BB [Formaued: Subscript

emissions in this work. Compared to the NACs in aromatic VOCs/NOx SOA (linuma et al., 2010; [Formaned; Subscript
[Formatted: Font: 12 pt

Lin et al., 2015;Xie et al., 2017a; Pereira et al., 2015), the structures of NACs from BB in this

work were characterized by methoxy and cyanate groups. The methoxyphenol structure is a

feature in_polar organic _compounds from BB (Schauer et al., 2001;Simpson et al.,

2005;Mazzoleni et al., 2007). The cyanate group was rarely reported in gas- or particle-phase

pollutants from BB, which might be a missed feature of BB NACs. Vé&asSavo et al. (2015)

found that cyanate could be formed during the thermal conversion (e.g., pyrolysis, gasification)

of black liquor, which is the waste product from the kraft process when digesting pulpwood into

paper pulp and composed by an aqueous solution of mixed biomass residues. According to Table

2 and Fig. 3, the NACs containing methoxy and/or cyanate groups are predominately generated

during the flaming phase in the two NC forest experiments. Before using these compounds as

source markers for BB NACs, although-they-might-have-different-struetures—Fhe-CioH11NO,;
Gl NOeC) = 5NOs -and-C, | H -MNO—compeunds-identiflednthisworlowere-notobserved-in
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Before—using—the—CioH11NO4#+—C1gH1NO5—C11H13NO5—and-C 11 H1 3NOs-—compounds—as—seurce
markers-to-represent-BB-BrC-echromophores;-additional work is warranted to understand their

exact structures and lifetimes in the atmosphere. The quantification of these compounds might

also be subject to high variability due to the usage of surrogates.
3.3 Contribution of NACs to Abszes.

For each sample extract, individual NACs contributions to Abszss (AbSzesnac%) were
calculated using their mass concentrations (ng m™) and the MACsgs values of individual
compound standards (MACsgsnac), @s applied in Zhang et al. (2013) and Xie et al. (2017a). Here,
the MACggsnac Value is OM based with a unit of m? g, Each NAC formula was assigned to an
authentic or surrogate standard compound to estimate the contribution to Abssss of extracted OM

(Table S2). Except the NACs with a phenyl cyanate structure, the standard compounds used for

the NACs absorption calculation and mass guantification were the same (Table 2), and their UV-

Vis spectra were obtained from Xie et al. (2017a) and shown in Fig. S6a. The UV-Vis spectra of

three standard compounds with cyanate or isocyate groups are given in Fig. S6b, and none of

them has absorption in the range from 350 to 550 nm. The Abssss nac% 0of NACs with cyanate

groups identified in this work were supposed to have no contribution to bulk Absses. Details of

the method for Abssssnac% calculation are provided in Xie et al. (2017a)—) and tFhe

MAC36s nac Values for identified NACss formulas in this work are alse-obtained-from->Xie-etak

20

[ Formatted: Subscript




464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

{201+a)-and-shewnlisted in Table S5S4. Since the standard compounds used in this work have no
absorption at 550 nm, the identified NACs contributions to Absssy were expected to be 0. The
average and ranges of Abssssnac% in BB samples are listed in Table S6S5. For simplicity, the
average Abssssnac% in the five groups of BB samples (FF, NF1 and 2, NS1 and 2) are stacked
in Fig. 24.

In general, the average contributions of total NACs to AbSggs (AbSses inac% 0-32-0.087 +
0.647-024 to 2:441.22 +0.6754%) are-were 53-10 times higher than their average tNACom%
(0.023 +=0.0089 to 0.18 £0.067%) in BB samples (Tables S6-S5 and S4S3), indicating that the

identified NACs with contributions to Abszes are strong BrC chromophores. Similar to the NACs

mass contributions and compositions, the samples collected during flaming periods (NF1 and
NF2) have-had significantly higher (p < 0.05) average Abssssinac% (NF1 2:.441.21 +0.6738%,
NF2 0.86-42 +0.2315%) than those collected during smoldering periods (NS1 0.721.00 —+

0.40627%, NS2 0.08712 +0.047024%)-%); Abssssnac% correlated (p < 0.05) with EC/OC for

both individual burns (Fig. S3f) and pooled experimental data (Fig. 2d). CgHsNO4 (0.8698-037 +

0.634-0080 to 0.31 +=0.11%) and SoHNO,-C;H/NO, (0.21-029 + 0.641-0051 to 0.79-27 +

0.1412%) have the highest Abssesnac% among the identified NACs in-the-FL—forest-and-NC

forestflaming-phase-samplesacross all the three BB experiments (Table S5). CsHsNO,-has-the

highest—AbsW 0
phase—samples—(Table-S6)—The average Abssssinac% values here are comparable to those

obtained for atmospheric particles in Germany (0.10 £0.06 to 1.13 +1.03%) (Teich et al., 2017)

and Detling, United Kingdom (4 +2%) (Mobhr et al., 2013), but more than 10 times lower than
those from chamber reactions of benzene (28.0 +8.86%), naphthalene (20.3 +8.01%) and m-

cresol (50.5 +£15.8%) with NOx (Xie et al., 2017a). Lin et al. (2016, 2017) investigated the light
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absorption of solvent extractable OC from BB using a combination of HPLC, photodiode array

(PDA) spectrophotometry, and high resolution mass spectrometry (HRMS), and attributed a

large portion (up to or greater than 50%) of the solvent extracts absorption to a limited number of

NACs, of which the MW are mostly lower than 500 Da. However, the signal peaks in the

HPLC/PDA chromatograms and the corresponding UV-Vis spectra are likely composed by a

mixture of light-absorbing compounds, some of which are not NACs or even cannot be ionized

under ESI positive or negative ion mode. These might lead to an overestimation of NACs

contribution to solvent extracts absorption. Di Lorenzo et al. (2017) studied the absorbance as a

function of molecular size of organic aerosols from BB, and concluded that the majority of
aqueous extracts absorption (A = 300 nm) was due to compounds with MW greater than 500 Da
and carbon number greater than 20. In this work, less than 52% of the BrC absorption in BB
aerosols at A = 365 was ascribed to the identified NACs with a MW range of 138 to 254 Da, of
which the contribution at longer wavelength (A = 550 nm) was expected to be 0. Future work is

needed to identify high MW light-absorbing compounds in BB aerosols to apportion a greater

fraction of BrC absorption in BB aerosols.
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4 Conclusions

The comparisons of light-absorbing properties (MACsss, MACsso, and Aqs) of BB OC
with EC/OC in this study support that burn conditions are not the only factor impacting BrC
absorption-O¢ie-et-ak;—2017b). Other factors like fuel type and-or ambient conditions may also
play important roles in determining BrC absorption from BB. It may be impractical to predict
BrC absorption solely based on EC/OC ratios in BB emissions from different fuels or over
different seasons. The present study identified fourteen NAC chemical formulas in BB aerosols.
The average tNACom% of the FL forest, NC forest 1 and 2 (flaming and smoldering samples
were combined) experiments are-were 0.13 +=0.059%, 0.13 £0.067%, and 0.11 +0.017%_by
weight, respectively, and the NAC composition is—was also similar across the three BB

experiments. Most of the NACs formulas identified in this work were also observed in simulated

SOA generated from chamber reactions of aromatic VOCs with NOx, but the same NAC formula
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from BB and SOA could not be assigned to the identical compound. In this work, the structures

of NACs from BB were characterized by methoxy and cyanate groups, which were

predominately generated during the flaming phase and might be an important feature for BB

NACs. More work is warranted to understand their exact structures and lifetimes. The average

tNACom% and Abssssnac%, 0f the flaming-phase samples (NF1-0-18-=0.067%NF2 016+

0-845%)isare significantly higher (p < 0.05) than those of smoldering-phase samples {(NS1-0.055

=+0.026%,NS2-0.023-2-0.0089%)-in the two NC forest BB experiments. Unlike the bulk

MAC365_and MACsso, tINACom% and Absses inac% correlated (p < 0.05) with EC/OC for both

individual burns and pooled experimental data, suggesting that burn conditions are an important

factor in determining NACs formation in BB.— Except the compounds with cyanate groups, the

NACs identified in this work are likely strong BrC chromophores, as the average contributions

of total NACs to bulk Abszgs (0.0.087 #+0.024 to 1.22 +0.54%) are 3—10 times higher than their

average mass contributions to OM (0.023 +0.0089 to 0.18 +0.067%). However, more light-

absorbing compounds from BB with high MW need to be identified to apportion the unknown

fraction (> 98%) of BrC absorption.

24

[Formatted: Not Superscript/ Subscript

)

[ Formatted: Subscript

[ Formatted: Highlight




556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

Competing interests

The authors declare that they have no conflict of interest.

Disclaimer

The views expressed in this article are those of the authors and do not necessarily represent the
views or policies of the U.S. Environmental Protection Agency.

Author contribution

MX and AH designed the research. MX and XC performed the experiments. AH and MH
managed sample collection. MX analyzed the data and wrote the paper with significant
contributions from all co-authors.

Acknowledgements

This research was supported by the National Natural Science Foundation of China (NSFC,
41701551), the State Key Laboratory of Pollution Control and Resource Reuse Foundation (No.
PCRRF17040), and the Startup Foundation for Introducing Talent of NUIST (No.
2243141801001). We would like to acknowledge Brian Gullett, Johanna Aurell, and Brannon

Seay for assistance with laboratory biomass burning sampling. This work was funded by the U.S.

25



578

579

580

581

582

583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624

Environmental Protection Agency. Data used in the writing of this manuscript is available at the

U.S. Environmental Protection Agency’s Environmental Dataset Gateway (https://edg.epa.gov).

References

Akagi, S. K., Yokelson, R. J., Wiedinmyer, C., Alvarado, M. J., Reid, J. S., Karl, T., Crounse, J. D., and Wennberg,
P. O.: Emission factors for open and domestic biomass burning for use in atmospheric models, Atmos. Chem.
Phys., 11, 4039-4072, 10.5194/acp-11-4039-2011, 2011.

Anderson, T. L., Charlson, R. J., Schwartz, S. E., Knutti, R., Boucher, O., Rodhe, H., and Heintzenberg, J.: Climate
forcing by aerosols-a hazy picture, Science, 300, 1103-1104, 10.1126/science.1084777, 2003.

Aurell, J., and Gullett, B. K.: Emission factors from aerial and ground measurements of field and laboratory forest
burns in the southeastern U.S.: PM2.5, black and brown carbon, VOC, and PCDD/PCDF, Environ. Sci.
Technol., 47, 8443-8452, 10.1021/es402101k, 2013.

Aurell, J., Gullett, B. K., and Tabor, D.: Emissions from southeastern U.S. grasslands and pine savannas:
comparison of aerial and ground field measurements with laboratory burns, Atmos. Environ., 111, 170-178,
http://dx.doi.org/10.1016/j.atmosenv.2015.03.001, 2015.

Bond, T. C.: Spectral dependence of visible light absorption by carbonaceous particles emitted from coal
combustion, Geophys. Res. Lett., 28, 4075-4078, 10.1029/20019g1013652, 2001.

Bond, T. C., Streets, D. G., Yarber, K. F., Nelson, S. M., Woo, J.-H., and Klimont, Z.: A technology-based global
inventory of black and organic carbon emissions from combustion, J. Geophys. Res., 109, D14,
10.1029/2003jd003697, 2004.

Bond, T. C., and Bergstrom, R. W.: Light absorption by carbonaceous particles: an investigative review, Aerosol Sci.
Tech., 40, 27-67, 10.1080/02786820500421521, 2006.

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., Flanner, M. G., Ghan, S.,
Ké&cher, B., Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz, M. G., Schulz, M.,
Venkataraman, C., Zhang, H., Zhang, S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson, M. Z., Kaiser,
J. W.,, Klimont, Z., Lohmann, U., Schwarz, J. P., Shindell, D., Storelvmo, T., Warren, S. G., and Zender, C. S.:
Bounding the role of black carbon in the climate system: A scientific assessment, J. Geophys. Res., 118, 5380-
5552, 10.1002/jgrd.50171, 2013.

Budisulistiorini, S. H., Riva, M., Williams, M., Chen, J., Itoh, M., Surratt, J. D., and Kuwata, M.: Light-absorbing
brown carbon aerosol constituents from combustion of Indonesian peat and biomass, Environ. Sci. Technol., 51,
4415-4423, 10.1021/acs.est.7b00397, 2017.

Chakrabarty, R. K., Gyawali, M., Yatavelli, R. L. N., Pandey, A., Watts, A. C., Knue, J., Chen, L. W. A., Pattison, R.
R., Tsibart, A., Samburova, V., and Moosmuler, H.: Brown carbon aerosols from burning of boreal peatlands:
microphysical properties, emission factors, and implications for direct radiative forcing, Atmos. Chem. Phys.,
16, 3033-3040, 10.5194/acp-16-3033-2016, 2016.

Chakrabarty, R. K., Moosmuler, H., Chen, L. W. A., Lewis, K., Arnott, W. P., Mazzoleni, C., Dubey, M. K., Wold, «
C. E., Hao, W. M., and Kreidenweis, S. M.: Brown carbon in tar balls from smoldering biomass combustion,
Atmos. Chem. Phys., 10, 6363-6370, 10.5194/acp-10-6363-2010, 2010.

Chen, Y., Sheng, G., Bi, X, Feng, Y., Mai, B., and Fu, J.: Emission factors for carbonaceous particles and
polycyclic aromatic hydrocarbons from residential coal combustion in China, Environ. Sci. Technol., 39, 1861-
1867, 10.1021/es0493650, 2005.

Chen, Y., and Bond, T. C.: Light absorption by organic carbon from wood combustion, Atmos. Chem. Phys., 10,
1773-1787, 10.5194/acp-10-1773-2010, 2010.

Chow, K. S., Huang, X. H. H., and Yu, J. Z.: Quantification of nitroaromatic compounds in atmospheric fine
particulate matter in Hong Kong over 3 years: field measurement evidence for secondary formation derived
from biomass burning emissions, Environ. Chem., 13, 665-673, https://doi.org/10.1071/EN15174, 2016.

26

Formatted: Left, Automatically adjust right
indent when grid is defined, Line spacing:
Multiple 1.15 li, Adjust space between Latin
and Asian text, Adjust space between Asian
text and numbers, Tab stops: 0.38", Left



https://doi.org/10.1071/EN15174

625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679

Claeys, M., Vermeylen, R., Yasmeen, F., GaGnez-Gonzdez, Y., Chi, X., Maenhaut, W., M&z&os, T., and Salma, 1.:
Chemical characterisation of humic-like substances from urban, rural and tropical biomass burning
environments using liquid chromatography with UV/vis photodiode array detection and electrospray ionisation
mass spectrometry, Environ. Chem., 9, 273-284, https://doi.org/10.1071/EN11163, 2012.

Desyaterik, Y., Sun, Y., Shen, X., Lee, T., Wang, X., Wang, T., and Collett, J. L.: Speciation of “brown” carbon in
cloud water impacted by agricultural biomass burning in eastern China, J. Geophys. Res., 118, 7389-7399,
10.1002/jgrd.50561, 2013.

Di Lorenzo, R. A., Washenfelder, R. A., Attwood, A. R., Guo, H., Xu, L., Ng, N. L., Weber, R. J., Baumann, K.,
Edgerton, E., and Young, C. J.: Molecular-size-separated brown carbon absorption for biomass-burning aerosol
at multiple field sites, Environ. Sci. Technol., 51, 3128-3137, 10.1021/acs.est.6b06160, 2017.

Eriksson, A., Nordin, E., Nystrom, R., Pettersson, E., Swietlicki, E., Bergvall, C., Westerholm, R., Boman, C., and
Pagels, J.: Particulate PAH emissions from residential biomass combustion: time-resolved analysis with aerosol
mass spectrometry, Environ. Sci. Technol., 48, 7143-7150, 10.1021/es500486j, 2014.

George, I. J., Hays, M. D., Snow, R., Faircloth, J., George, B. J., Long, T., and Baldauf, R. W.: Cold temperature
and biodiesel fuel effects on speciated emissions of volatile organic compounds from diesel trucks, Environ. Sci.
Technol., 48, 14782-14789, 10.1021/es502949a, 2014.

George, I. J., Hays, M. D., Herrington, J. S., Preston, W., Snow, R., Faircloth, J., George, B. J., Long, T., and
Baldauf, R. W.: Effects of cold temperature and ethanol content on VOC emissions from light-duty gasoline
vehicles, Environ. Sci. Technol., 49, 13067-13074, 10.1021/acs.est.5b04102, 2015.

Gilman, J. B., Lerner, B. M., Kuster, W. C., Goldan, P. D., Warneke, C., Veres, P. R., Roberts, J. M., de Gouw, J. A.,
Burling, I. R., and Yokelson, R. J.: Biomass burning emissions and potential air quality impacts of volatile
organic compounds and other trace gases from fuels common in the US, Atmos. Chem. Phys., 15, 13915-13938,
10.5194/acp-15-13915-2015, 2015.

Giorgi, G., Salvini, L., and Ponticelli, F.: Gas phase ion chemistry of the heterocyclic isomers 3-methyl-1,2-«
benzisoxazole and 2-methyl-1,3-benzoxazole, J. Am. Soc. Mass Spectrom., 15, 1005-1013,
https://doi.org/10.1016/j.jasms.2004.04.002, 2004.

Grandesso, E., Gullett, B., Touati, A., and Tabor, D.: Effect of moisture, charge size, and chlorine concentration on
PCDD/F emissions from simulated open burning of forest biomass, Environ. Sci. Technol., 45, 3887-3894,
10.1021/es103686t, 2011.

Hatch, L. E., Luo, W., Pankow, J. F., Yokelson, R. J., Stockwell, C. E., and Barsanti, K.: Identification and
quantification of gaseous organic compounds emitted from biomass burning using two-dimensional gas
chromatography-time-of-flight mass spectrometry, Atmos. Chem. Phys., 15, 1865-1899, 10.5194/acp-15-1865-
2015, 2015.

Hecobian, A., Zhang, X., Zheng, M., Frank, N., Edgerton, E. S., and Weber, R. J.: Water-soluble organic aerosol«

material and the light-absorption characteristics of agueous extracts measured over the Southeastern United
States, Atmos. Chem. Phys., 10, 5965-5977, 10.5194/acp-10-5965-2010, 2010.

Holder, A. L., Hagler, G. S. W., Aurell, J., Hays, M. D., and Gullett, B. K.: Particulate matter and black carbon
optical properties and emission factors from prescribed fires in the southeastern United States, J. Geophys. Res.,
121, 3465-3483, 10.1002/2015jd024321, 2016.

Hosseini, S., Urbanski, S., Dixit, P., Qi, L., Burling, I. R., Yokelson, R. J., Johnson, T. J., Shrivastava, M., Jung, H.,
and Weise, D. R.: Laboratory characterization of PM emissions from combustion of wildland biomass fuels, J.
Geophys. Res., 118, 9914-9929, 10.1002/jgrd.50481, 2013.

Huang, R.-J., Yang, L., Cao, J., Chen, Y., Chen, Q., Li, Y., Duan, J., Zhu, C., Dai, W., Wang, K., Lin, C., Ni, H.,
Corbin, J. C., Wu, Y., Zhang, R., Tie, X., Hoffmann, T., O’Dowd, C., and Dusek, U.: Brown carbon aerosol in
urban Xi’an, Northwest China: the composition and light absorption properties, Environ. Sci. Technol., 52,
6825-6833, 10.1021/acs.est.8002386, 2018.

linuma, Y., B&ge, O., Grde, R., and Herrmann, H.: Methyl-nitrocatechols: atmospheric tracer compounds for
biomass burning secondary organic aerosols, Environ. Sci. Technol., 44, 8453-8459, 10.1021/es102938a, 2010.

Kaal, J., Mart mez Cortizas, A., and Nierop, K. G. J.: Characterisation of aged charcoal using a coil probe pyrolysis- «
GC/MS method optimised for black carbon, J. Anal. Appl. Pyrol., 85, 408-416,
https://doi.org/10.1016/j.jaap.2008.11.007, 2009.

Kirchstetter, T. W., Novakov, T., and Hobbs, P. V.: Evidence that the spectral dependence of light absorption by
aerosols is affected by organic carbon, J. Geophys. Res., 109, D21208, 10.1029/2004jd004999, 2004.

Lack, D. A., and Langridge, J. M.: On the attribution of black and brown carbon light absorption using the
Angstrém exponent, Atmos. Chem. Phys., 13, 10535-10543, 10.5194/acp-13-10535-2013, 2013.

27

Formatted: Automatically adjust right
indent when grid is defined, Line spacing:
Multiple 1.15 li, Adjust space between Latin
and Asian text, Adjust space between Asian
text and numbers, Tab stops: 0.38", Left

[ Formatted: Font: 10 pt ]

Formatted: Automatically adjust right
indent when grid is defined, Line spacing:
Multiple 1.15 li, Adjust space between Latin
and Asian text, Adjust space between Asian
text and numbers

Formatted: Left, Automatically adjust right
indent when grid is defined, Line spacing:
Multiple 1.15 li, Adjust space between Latin
and Asian text, Adjust space between Asian
text and numbers, Tab stops: 0.38", Left



https://doi.org/10.1071/EN11163

680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734

Laskin, A., Laskin, J., and Nizkorodov, S. A.: Chemistry of atmospheric brown carbon, Chem. Rev., 115, 4335-
4382, 10.1021/cr5006167, 2015.

Lewis, A. C., Evans, M. J., Hopkins, J. R., Punjabi, S., Read, K. A., Purvis, R. M., Andrews, S. J., Moller, S. J.,
Carpenter, L. J., Lee, J. D., Rickard, A. R., Palmer, P. 1., and Parrington, M.: The influence of biomass burning
on the global distribution of selected non-methane organic compounds, Atmos. Chem. Phys., 13, 851-867,
10.5194/acp-13-851-2013, 2013.

Lin, P., Liu, J. M., Shilling, J. E., Kathmann, S. M., Laskin, J., and Laskin, A.: Molecular characterization of brown
carbon (BrC) chromophores in secondary organic aerosol generated from photo-oxidation of toluene, Phys.
Chem. Chem. Phys., 17, 23312-23325, 10.1039/c5cp02563j, 2015.

Lin, P., Aiona, P. K., Li, Y., Shiraiwa, M., Laskin, J., Nizkorodov, S. A., and Laskin, A.: Molecular characterization
of brown carbon in biomass burning aerosol particles, Environ. Sci. Technol., 50, 11815-11824,
10.1021/acs.est.6b03024, 2016.

Lin, P., Bluvshtein, N., Rudich, Y., Nizkorodov, S. A., Laskin, J., and Laskin, A.: Molecular chemistry of
atmospheric brown carbon inferred from a nationwide biomass burning event, Environ. Sci. Technol., 51,
11561-11570, 10.1021/acs.est.7b02276, 2017.

Lin, Y.-H., Budisulistiorini, S. H., Chu, K., Siejack, R. A., Zhang, H., Riva, M., Zhang, Z., Gold, A., Kautzman, K.
E., and Surratt, J. D.: Light-absorbing oligomer formation in secondary organic aerosol from reactive uptake of
isoprene epoxydiols, Environ. Sci. Technol., 48, 12012-12021, 10.1021/es503142b, 2014.

Lu, Z., Streets, D. G., Winijkul, E., Yan, F., Chen, Y., Bond, T. C., Feng, Y., Dubey, M. K., Liu, S., Pinto, J. P., and
Carmichael, G. R.: Light absorption properties and radiative effects of primary organic aerosol emissions,
Environ. Sci. Technol., 49, 4868-4877, 10.1021/acs.est.5b00211, 2015.

Martins, L. D., Andrade, M. F., Freitas, E. D., Pretto, A., Gatti, L. V., Albuquerque, E. L., Tomaz, E., Guardani, M.
L., Martins, M. H. R. B., and Junior, O. M. A.: Emission factors for gas-powered vehicles traveling through
road tunnels in S& Paulo, Brazil, Environ. Sci. Technol., 40, 6722-6729, 10.1021/es052441u, 2006.

Martinsson, J., Eriksson, A., Nielsen, I. E., Malmborg, V. B., Ahlberg, E., Andersen, C., Lindgren, R., Nystrom, R.,
Nordin, E., and Brune, W.: Impacts of combustion conditions and photochemical processing on the light
absorption of biomass combustion aerosol, Environ. Sci. Technol., 49, 14663-14671, 10.1021/acs.est.5b03205,
2015.

Mazzoleni, L. R., Zielinska, B., and Moosmuler, H.: Emissions of levoglucosan, methoxy phenols, and organic
acids from prescribed burns, laboratory combustion of wildland fuels, and residential wood combustion,
Environ. Sci. Technol., 41, 2115-2122, 10.1021/es061702c, 2007.

McMeeking, G., Fortner, E., Onasch, T., Taylor, J., Flynn, M., Coe, H., and Kreidenweis, S.: Impacts of
nonrefractory material on light absorption by aerosols emitted from biomass burning, J. Geophys. Res., 119,
12,272-212,286, 2014.

Mohr, C., Lopez-Hilfiker, F. D., Zotter, P., Pr&v&@, A. S. H., Xu, L., Ng, N. L., Herndon, S. C., Williams, L. R.,
Franklin, J. P., Zahniser, M. S., Worsnop, D. R., Knighton, W. B., Aiken, A. C., Gorkowski, K. J., Dubey, M.
K., Allan, J. D., and Thornton, J. A.: Contribution of nitrated phenols to wood burning brown carbon light
absorption in Detling, United Kingdom during winter time, Environ. Sci. Technol., 47, 6316-6324,
10.1021/es400683v, 2013.

Nielsen, I. E., Eriksson, A. C., Lindgren, R., Martinsson, J., Nystrdn, R., Nordin, E. Z., Sadiktsis, I., Boman, C.,
Nggaard, J. K., and Pagels, J.: Time-resolved analysis of particle emissions from residential biomass
combustion—Emissions of refractory black carbon, PAHs and organic tracers, Atmos. Environ., 165, 179-190,
2017.

NIOSH, 1999. National Institute of Occupational Safety and Health. Elemental carbon (diesel particulate): Method
5040, Rep. https://www.cdc.gov/niosh/docs/2003-154/pdfs/5040f3.pdf (1999). Accessed March, 2018.

Pereira, K. L., Hamilton, J. F., Rickard, A. R., Bloss, W. J., Alam, M. S., Camredon, M., Ward, M. W., Wyche, K. <«

P., Mufbz, A., Vera, T., V&aquez, M., Borr&, E., and R&lenas, M.: Insights into the Formation and Evolution
of Individual Compounds in the Particulate Phase during Aromatic Photo-Oxidation, Environ. Sci. Technol., 49,
13168-13178, 10.1021/acs.est.5b03377, 2015.

Pokhrel, R. P., Wagner, N. L., Langridge, J. M., Lack, D. A., Jayarathne, T., Stone, E. A., Stockwell, C. E.,
Yokelson, R. J., and Murphy, S. M.: Parameterization of single-scattering albedo (SSA) and absorption
Angstrém exponent (AAE) with EC/ OC for aerosol emissions from biomass burning, Atmos. Chem. Phys., 16,
9549-9561, 10.5194/acp-16-9549-2016, 2016.

Priestley, M., Le Breton, M., Bannan, T. J., Leather, K. E., Bacak, A., Reyes-Villegas, E., De Vocht, F., Shallcross, <

B. M. A., Brazier, T., Anwar Khan, M., Allan, J., Shallcross, D. E., Coe, H., and Percival, C. J.: Observations of

28

Formatted: Left, Automatically adjust right
indent when grid is defined, Line spacing:
Multiple 1.15 li, Adjust space between Latin
and Asian text, Adjust space between Asian
text and numbers, Tab stops: 0.38", Left

Formatted: Left, Automatically adjust right
indent when grid is defined, Line spacing:
Multiple 1.15 li, Adjust space between Latin
and Asian text, Adjust space between Asian
text and numbers, Tab stops: 0.38", Left




735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780

Isocyanate, Amide, Nitrate, and Nitro Compounds From an Anthropogenic Biomass Burning Event Using a
ToF-CIMS, J. Geophys. Res., 123, 7687-7704, doi:10.1002/2017JD027316, 2018.

Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.: Aerosols, climate, and the hydrological cycle,
Science, 294, 2119-2124, 10.1126/science.1064034, 2001.

Reff, A., Bhave, P. V., Simon, H., Pace, T. G., Pouliot, G. A., Mobley, J. D., and Houyoux, M.: Emissions inventory
of PM2.5 trace elements across the United States, Environ. Sci. Technol., 43, 5790-5796, 10.1021/es802930x,
2009.

Riddle, S. G., Jakober, C. A., Robert, M. A, Cahill, T. M., Charles, M. J., and Kleeman, M. J.: Large PAHSs detected
in fine particulate matter emitted from light-duty gasoline vehicles, Atmos. Environ., 41, 8658-8668,
https://doi.org/10.1016/j.atmosenv.2007.07.023, 2007.

Saleh, R., Robinson, E. S., Tkacik, D. S., Ahern, A. T., Liu, S., Aiken, A. C., Sullivan, R. C., Presto, A. A., Dubey,
M. K., Yokelson, R. J., Donahue, N. M., and Robinson, A. L.: Brownness of organics in aerosols from biomass
burning linked to their black carbon content, Nature Geosci., 7, 647-650, 10.1038/nge02220, 2014.

Samburova, V., Connolly, J., Gyawali, M., Yatavelli, R. L. N., Watts, A. C., Chakrabarty, R. K., Zielinska, B.,
Moosmdler, H., and Khlystov, A.: Polycyclic aromatic hydrocarbons in biomass-burning emissions and their
contribution to light absorption and aerosol toxicity, Sci. Total Environ.,, 568, 391-401,
http://doi.org/10.1016/j.scitotenv.2016.06.026, 2016.

Schauer, J. J., Kleeman, M. J., Cass, G. R., and Simoneit, B. R. T.: Measurement of emissions from air pollution
sources. 3. C1-C29 organic compounds from fireplace combustion of wood, Environ. Sci. Technol., 35, 1716-
1728, 10.1021/es001331e, 2001.

Simpson, C. D., Paulsen, M., Dills, R. L., Liu, L. J. S., and Kalman, D. A.: Determination of methoxyphenols in
ambient atmospheric particulate matter: tracers for wood combustion, Environ. Sci. Technol., 39, 631-637,
10.1021/es0486871, 2005.

Teich, M., van Pinxteren, D., Kecorius, S., Wang, Z., and Herrmann, H.: First quantification of imidazoles in
ambient aerosol particles: potential photosensitizers, brown carbon constituents, and hazardous components,
Environ. Sci. Technol., 50, 1166-1173, 10.1021/acs.est.5b05474, 2016.

Teich, M., van Pinxteren, D., Wang, M., Kecorius, S., Wang, Z., Miiller, T., Mo¢nik, G., and Herrmann, H.:
Contributions of nitrated aromatic compounds to the light absorption of water-soluble and particulate brown
carbon in different atmospheric environments in Germany and China, Atmos. Chem. Phys., 17, 1653-1672,

10.5194/acp-17-1653-2017, 2017.

DeMartini, N., Engblom, M., Brink, A., and Hupa, M.: The Fate of Char Nitrogen in Black Liquor
Combustion—Cyanate Formation and Decomposition, Ind. Eng. Chem. Res., 54, 2831-2842,
10.1021/ie503450r, 2015.

Xie, M., Chen, X., Hays, M. D., Lewandowski, M., Offenberg, J., Kleindienst, T. E., and Holder, A. L.: Light
absorption of secondary organic aerosol: composition and contribution of nitroaromatic compounds, Environ.
Sci. Technol., 51, 11607-11616, 10.1021/acs.est.7b03263, 2017a.

Xie, M., Hays, M. D., and Holder, A. L.: Light-absorbing organic carbon from prescribed and laboratory biomass
burning and gasoline vehicle emissions, Sci. Rep., 7, 7318, 10.1038/s41598-017-06981-8, 2017b.

Zhang, X., Lin, Y.-H., Surratt, J. D., and Weber, R. J.: Sources, composition and absorption Angstrém exponent of
light-absorbing organic components in aerosol extracts from the Los Angeles Basin, Environ. Sci. Technol., 47,
3685-3693, 10.1021/es305047b, 2013.

Zhou, Y., Xing, X., Lang, J., Chen, D., Cheng, S., Wei, L., Wei, X., and Liu, C.: A comprehensive biomass burning
emission inventory with high spatial and temporal resolution in China, Atmos. Chem. Phys., 17, 2839-2864,
10.5194/acp-17-2839-2017, 2017.

29

| Formatted: Left, Automatically adjust right

indent when grid is defined, Line spacing:
Multiple 1.15 li, Adjust space between Latin
and Asian text, Adjust space between Asian
text and numbers, Tab stops: 0.38", Left



https://doi.org/10.1016/j.atmosenv.2007.07.023

30



=9

M FL forest, N

a) FL forest

3
4

3
4

B Flaming, N
B Smoldering, N
B Flaming, N
B Smoldering, N

b) NC forest 1
c) NC forest 2

T T
< o~
o o

06

©
o

S S o o
9, ‘UonoRl) SSBe

T T T T T T
© < N © < N
o o o o o o

0.00 -
0.08

9ONELHLLD

GONELHLLD

GONLLHOLO

YONLLHOLOD

SONGH8D

YON6H6D

€ONZHOLD

GONZHLO

YON6H8D

YON.ZH8D

SONGH9D

YONLZHLO

YONSGHO9D

E€ONGH9O

31



32




C6H5NO3
C6H5NO4
C7H7NO4
C6H5NO5
C8H7NO4
C8HIONO4
C7H7NOS
C10H7NO3
C9HIONO4
C8HINOS
C10H11NO4
C10H11NO5
C11H13NO5
C11H13NO6

%

EE-EEE N B N RUREENE EEESN

33



34




(@) MAC,4, vs. EC/OC (b) MAC,, vs. EC/OC
~ 51 m=18.9 +4.07 5 -
0 b:A3/1210.15,r:0,88 .
> 4 - N O  FL Forest 4 - 5 0% I
°‘ & NC Forest 1 R i e
»E:D 3 - ,f( A NC Fg::ztz 3 b=2.55+0.36,r=-0.39
S m=13.8 + 3.66 ~—
QO 2 b=0.87+0.12,r=0.88 2 - —
< L8 < O o \\\\
S I 1{ & oo oo e’
m=164+045
0 , . ‘ 5=084+0079,r=083 0 . . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.3 5
(c) tNAC, % vs. EC/OC (d) Abs365,tNAC% vs. EC/OC
v 4 -
v
02 7 vvv /V// 3 i Ie) 1) o /O//O
o\o L V/v// o // °©
P ’ 24 -
4 ~
01 »V’;r/ v o L
v v 1 T O/O/d)o
w v m=0.49 +0.17 % o m=9.92 +2.08
0.0 vV b=0074+0018 =055 0L® . ] _ b=0714023,r=073

o

0.00 005 010 0.15 0.20 0.25 0.30  0.00 0.05 0.10 0.15 0.20 0.25 0.30
EC/OC EC/OC

Flemred—aenmresressienso A S e 2000 ith samanle dota ot pnchmasn s o e LA S s EOI00 Lo AL e s
EC/OG-and{d)-Abszes nac% vs—EC/OC-with-pooled-sample-data-of-all-the-three-experiments:

35



Table 1. EC/OC ratio, OC extraction efficiency and light-absorbing properties of organic aerosols in PM, s from laboratory biomass

burning.
. Extraction MAC36s MACsso

Experiment Phase Abbr. Fuels EC/OC efficiency (%) (m? g (m? gC) Aabs

FL forest® No. pr long leaf pine 0.21+0.16 97.0+187 1.13+015 0.053+0023  7.36+0.59
separation (N=9)

NC forest 1 Flaming  NF1 ha“;‘i’:’]zo(%'fg)'o"y 0.042 £ 0.014 97.7£041  147+025 0.15+0.065  5.68+0.70
Smoldering  NS1 “arg‘i’rv]‘:’(%':g)'o”y 0.00980.0024 ~ 97.9+022 100 £0.11 0.054+0.015  6.83%0.52

NC forest 2 Flaming  NF2 hard"p‘)’i‘:]‘;déf)blo"y 0.049 £ 0.011 995+0.33  4.07+0.15 0.17+0.0051 7.38 +0.069
Smoldering  NS2 ha'd"")’i‘:]oedff)b'o"y 0.0075 + 0.0026 99.2£0.10 325+035 0.12+0.033  7.95%0.22

% Data were obtained from Xie et al. (2017b).

36



Table 2. Identified N-containing aromatic compounds by HPLC/ESI-Q-ToFMS from laboratory biomass burning in this study.

Theoretical m/z

Measured m/z

Suggested Formula [M-H] [M-H] Proposed structure Quantified as® Absorbing as® [ Formatted Table
OH oH £
o ® [
CeHsNO3 138.0196 138.0198 | “ /
NS NI
N o o7 N0
"X 4-Nitrophenol (CeHsNOs) 4-Nitrophenol (CsHsNO3)
OH O O
OH OH OH
CsHsNO4 154.0145 154.0143 ” e
0% 4-Nitrocatechol (CsHsNO4) 4-Nitrocatechol (CsHsNO4)
C7H7NO, (Is01?) 168.0302 168.0295 P P
2-Methyl-4-nitroresorcinol 2-Methyl-4-nitroresorcinol
(C7H7NOJ) (C7H7NO,)
f (L. (X,
C7H7NO4 (Is02) 168.0302 168.0291 0#™ % o
b 2-Methyl-4-nitroresorcinol 2-Methyl-4-nitroresorcinol
(C7H7N04) (C7H7NO4)
OH OH o} OH (o]
HO OH “'\O_ H-\o'
CeHsNOs 170.0095 170.0087
HO OH HO OH
0% 2-Nitrophloroglucinol (CeHsNOs) 2-Nitrophloroglucinol (CeHsNOs)
Ox, -OH e
OH 07 =N
HO oW _ /©/ S
CsH7NO4 (Iso1) 180.0302 180.0305 W e L
(o}
Hie° 2-Methyl-5-nitrobenzoic acid phenyl cyanate
(CgH7NOY) (C7HsNO)
O§/OH
OH o Xy
HO 0 o
CsH7NO4 (1s02) 180.0302 180.0290 TN\ W [
o (o} =
&y 2-Methyl-5-nitrobenzoic acid phenyl cyanate
(CsH7NOy) (C7HsNO)

21somer 1; ° standard compounds used for the quantification of identified N-containing aromatic compounds; ¢ standard compounds used to estimate the light

absorption of N-containing aromatic compounds.
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Table 2. Continue.

Suggested Formula

Theoretical m/z

Measured m/z

Proposed structure

Quantified as

Absorbing as

[M-H] [M-H] . _
CH; OH i \/ i j
(‘)
= OH OH
CgHgNO, (Isol) 182.0459 182.0467 | e o
HiC A N‘:o 0™ o o Q.D )
I 2-Methyl-4-nitroresorcinol 2-Methyl-4-nitroresorcinol
(C7HNOy) (C7H/NO)
OH OH
CHy, OH
OH
CsHoNOy, (1S02) 182.0459 182.0452 Il L
o =P o g
N 2-Methyl-4-nitroresorcinol 2-Methyl-4-nitroresorcinol
9= (C7H7NOg) (C7H;NOy)
CH; OH
| OH O OH O
o] OH I, Il
N\O_ N\D_
C7H/NOs 184.0253 184.0259 7@/ ﬁ /@[
HO OH HO OH
g 2-Nitrophloroglucinol (C¢HsNOs)  2-Nitrophloroglucinol (C¢HsNOs)
07" 0
(o) OH o OH 01
llxll‘ NL\o' N‘\o‘
C10H7NO3 188.0353 188.0356 [\ "0 OO OO
FNF Son 2-Nitro-1-naphthol (C10H;NO3) 2-Nitro-1-naphthol (C10H/NO3)
on O3 OH N
(0}
Il |
CoHgNO; (Isol) 194.0458 194.0461 HC N . =
0"~
e 2,5-Dimethyl-4-nitrobenzoic acid ph?(r;y'['c%?)ate
(C90H9N0H04) e
OH e O/§\N
HO (o)
TI /©/ \ =
CoHoNO, (Is02) 194.0458 194.0461 o N ” -
0"~
HaC 2,5-Dimethyl-4-nitrobenzoic acid ph?cr;yll_iq’:legl)ate
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Table 2. Continue

Suggested Formula

Theoretical m/z

Measured m/z

Proposed structure
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Mo L Ny
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c‘) o U-\_ S
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Figure 1. Q-ToF MS/MS spectra of (a) CeHsNOg3, (b) CsHsNO4, (c, d) C;H;NO,4 isomers (e)
CeHsNOs, (f, g) CgH7NO,4 isomers, (h, I) CgHgNO4 isomers, (j) C7H7NOQOs, (k) C19H7NO3, (|, m)
CygHgNO, isomers, (n) CgHgNOs, (O-Q) C10H11NO4 isomers, (r) C10H11NOs, (S) C11H13NOs and (t)
C11H13NOg identified in the flaming phase sample collected during NC forest 1 experiment, burn

2 (Table S1).
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Figure 1. Continue
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Figure 1. Continue
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Figure 2. Linear regressions of (a) MACsgs vs. EC/OC with individual burns data, (b) MAC3gs
vs. EC/OC, (c) tNACom% vs. EC/OC and (d) Abszes inac% VS. EC/OC with pooled
measurements of all the three experiments.
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Figure 3. Relative mass contributions of identified N-containing aromatic compounds in BB

samples collected during (a) FL forest, (b) NC forest 1 and (c) NC forest 2 experiments.
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Figure 4. Average contributions (%) of N-containing aromatic compounds to Abssgs of methanol
extractable OC from laboratory biomass burning.

45



	Replies to Reviewer 1 comments
	Replies to Reviewer 2 comments
	Replies to Reviewer 3 comments
	Revised Manuscript with tracked changes

