The brown-black continuum of light-absorbing combustion aerosols
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Abstract

Brown carbon (BrC) exhibits highly variable light-absorption properties with imaginary part of
the refractive indices (k) varying over several orders of magnitude. This poorly understood
variability poses a challenge to accurately determining the BrC climate effect. Here, we present a
framework to explain the variability in BrC k. We hypothesize that a fraction of BrC is comprised
of black-carbon (BC) precursors whose transformation to BC is not complete and that there is a
continuum of light-absorption properties along which BC and BrC lie. To test this hypothesis, we
performed controlled-combustion experiments using benzene and toluene. By systematically
varying the combustion conditions, we isolated BrC components along the brown-black
continuum progressing from light (k = 0.004 at 550 nm) to dark (k = 0.25 at 550 nm). Using laser-
desorption-ionization mass spectrometry and thermodenuder measurements, we show that the
BrC progression from light to dark is associated with increase in molecular size and decrease in
volatility. The darkest BrC has molecular sizes of several 1000 Da, is refractory, and is optically
more similar to BC than the lighter BrC, blurring the lines between the optical properties of BrC
and BC.
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Introduction

Brown carbon (BrC), the light-absorbing fraction of organic aerosol,! is an important yet poorly
characterized climate warmer.? It is often co-emitted with black carbon (BC) by incomplete
combustion of biomass fuels*'° and can also form through secondary reactions in the
atmosphere.!-15 In this paper, we focus on combustion BrC.

It is informative to contrast the state of science of BrC with that of BC. While the role of BC as a
leading climate warmer was discovered at the turn of the century,'*' its climate effect is still
highly uncertain.’® Consisting mostly of elemental carbon, BC is defined as the refractory, fractal,
highly absorptive fraction of carbonaceous aerosols."” The light-absorption properties of BC are
characterized by a well-constrained wavelength-independent imaginary part of the refractive
index (k).2 The uncertainty in the BC climate effect is largely due to challenges on the climate-
calculation level, including the inability to accurately represent the BC burden,” lifetime,?' and
mixing state and morphology.?>?* BrC, on the other hand, is poorly understood on the
fundamental level. There are major gaps in our knowledge of its formation pathways and optical
properties.? The BrC k values reported in the literature span several orders of magnitude.3462627
While there have been a number of recent attempts to include the BrC effect in climate
calculations,??25-% this endeavor is in its infancy and still requires substantial iterations with
fundamental and experimental investigations.?

BrC-producing combustion is chaotic. Therefore, it seems imperative that BrC characterization
should rely on measurements that feature similar conditions in order to obtain atmospherically
relevant results. BrC investigations have strived to achieve such conditions by performing
atmospheric measurements®1026273133  or laboratory experiments that simulated real-life
uncontrolled combustion.>#¢-%3 While atmospheric relevancy is certainly a merit, there is a crucial
drawback: the inherent variability in combustion has led to the aforementioned large variability in



reported BrC k and has made it challenging to identify the source of this variability. This calls for a
fundamental investigation of BrC, which we are set to achieve in this paper.

Brown carbon formation in combustion

BrC exhibits highly diverse chemical structures.”> Among the most frequently detected
atmospheric BrC components are nitroaromatic compounds, including nitrophenols and
nitrocatechols.3*371° These compounds are expected to form via secondary reactions in the
atmosphere®310 and are unlikely to account for BrC produced during combustion. BrC
components linked to biomass combustion include charge transfer complexes and tar balls.® A
comprehensive understanding of the most important combustion BrC components, however, is
still lacking.?

We hypothesize that an important fraction of combustion BrC is comprised of organic precursors
of BC whose transformation to BC is not complete during the combustion process. Depending on
the combustion conditions, these BC precursors exhibit different maturity levels which dictate
their light-absorption properties. The more mature the precursors are, the more absorptive (BC-
like) they become. Therefore, the light-absorption properties of BrC obtained from a certain
measurement depend on the specific combustion conditions associated with the measurement.
We have previously observed this behavior in biomass-combustion emissions,” where
combustion conditions that were more conducive to BC formation produced darker BrC. BC, on
the other hand, is the end product to which the precursors converge, leading to the uniformity in
BC molecular structure and optical properties.

This hypothesis finds support in the combustion literature. In a combustion process, the initial
steps towards BC inception are marked by the formation of small polycyclic aromatic hydrocarbons
(PAHSs). As the temperature increases, these PAHs undergo growth by collisions to form large
oligomeric structures.®#? Stein and Fahr# performed thermodynamic calculations showing that
only a certain class of PAHs can survive fragmentation at each stage of the combustion reaction and
that their molecular sizes increase as the combustion progresses towards BC inception. When the
PAHs reach large molecular sizes that can no longer maintain planar structures, they warp into 3-
D structures, marking the onset of carbonization, or BC inception.* These PAHs exhibit significant
UV-vis absorption spectra.#4+” In other words, they are BrC.

The brown-black continuum hypothesis can be tested by performing combustion experiments
with well-constrained conditions. By varying the combustion conditions to progressively
approach the BC-formation threshold, the different BrC components along the continuum can be
isolated and their k can be retrieved. Progression towards the BC-inception threshold is
accompanied by increase in molecular size,* and since volatility is dependent on molecular size,*
the increase in molecular size is expected to be accompanied by decrease in volatility. Therefore,
the brown-black continuum hypothesis predicts association between BrC darkness, molecular size,
and volatility.



Materials and methods

Since in any combustion process the first critical step towards BC inception is the formation of
aromatic rings,* we chose benzene and toluene as model fuels. We performed combustion
experiments controlled at temperatures ranging between 750 °C and 1050 °C and equivalence
ratios (actual fuel-to-air ratio divided by the stoichiometric fuel-to-air ratio) between 1 and 1.7.
Combustion took place in a custom-made quartz chamber enclosed in a temperature-controlled
heater. Fuel was introduced into the combustion chamber by flowing air through a bubbler
containing the fuel, thus saturating the air with fuel. We mixed additional clean air with the fuel-
saturated air to adjust the equivalence ratio and used pure nitrogen as a passive diluent>3! to
fine-tune the combustion conditions. The combustion conditions for all experiments are listed in
Table S1.

We performed optical closure*®”? to retrieve k of BrC produced at different combustion
conditions. Optical closure involved fitting Mie theory calculations to absorption coefficients
measured in real-time using a 3-wavelength (422, 532, and 785 nm) photoacoustic
spectrophotometer.5> We represent the wavelength-dependent k as k = ksso [550/A]*, where ks is
imaginary part of the refractive index at a wavelength (1) of 550 nm and w is the wavelength
dependence. For readers more familiar with the absorption Angstrom exponent (AAE) as a
measure of the wavelength dependence of aerosol light absorption, AAE = w + 1 for particles
much smaller than A. However, AAE depends on particle size and thus the equality does not hold
for particle sizes approaching A. For some experiments, we heated the BrC in a thermodenuder
at 100 °C, 200 °C, 300 °C, and 400 °C and retrieved k of the BrC fraction that did not evaporate.
The thermodenuder measurements also served as a means to compare the volatilities of the BrC
produced at different combustion conditions.

To investigate the association between BrC darkness and molecular size, we employed laser
desorption ionization mass spectrometry (LDI-MS).**#>>3 The advantage of LDI is that it is soft-
ionizing and thus allows the detection of the large PAHs that we hypothesize to constitute BrC
with minimal fragmentation. However, quantitative measurements with LDI-MS are challenging
due to laser-induced reactions that could lead to clustering, as well as differences in desorption
and ionization efficiencies between different molecules.>* A frequently observed artifact is the
reduction in signal intensity with increasing molecular size.>* Since artifacts associated with LDI
depend on operating conditions,* one can make qualitative comparisons between mass spectra
of samples obtained under the same LDI operating conditions.

Results and Discussion

Figure 1a shows ksso versus w retrieved from the controlled-combustion experiments. Starting
with the simple benzene and toluene molecules, we produced a myriad of BrC components with
stark diversity in their light-absorption properties. The kss0 and w range from 0.004 and 8.6 to 0.25
and 0.5. These ranges are similar to those reported in the literature for biomass-combustion
BrC.34726275657 Furthermore, ksso and w are well-correlated and exhibit an exponential-decay
functional dependence. Each ksso-w pair in Figure 1a represents an “optical bin” along the brown-
black continuum. As the combustion conditions approach the BC-formation threshold (increase
in temperature and/or decrease in equivalence ratio), kss increases and w decreases, indicating
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that BrC becomes darker (its optical properties are closer to BC). This is visually illustrated by the
three filter samples shown in Figure 1b, representative of relatively light (A), medium (B), and
dark (C) BrC. Real-life uncontrolled combustion produces a range of BrC components that can be
represented as probability distributions along the optical bins represented in Figure 1. BC has ksso
= 0.6-0.8 and w = 0,2 which, as shown in Figure 1c, falls on the exponential-decay function fitting
the BrC ksso and w. This suggests that the different BrC components and BC lie on the same
continuum of light-absorption properties.
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Figure 1 The continuum of light-absorption properties of BrC emitted by benzene (solid squares) and toluene (open
circles) combustion controlled at different temperatures (750 °C — 1050 °C) and equivalence ratios (1 — 1.7). (a) The
wavelength dependence of the imaginary part of the refractive index (w) versus the imaginary part of the refractive index
at 550 nm (kss0). Each data point represents a 30-minute average (see SI for details). The color gradient of the data points
signifies progressively darker BrC as the combustion conditions approach BC formation. Some of the data points
correspond to thermodenuder measurements, where the BrC was heated to temperatures between 100 °C and 400 °C,
and kssoand w of the residual BrC were retrieved. Of special interest are the data points obtained at 400 °C, which
constitute refractory BrC (rBrC), the darkest BrC that we isolated in this study. The calculated standard deviations of kss
and w are smaller than the size of the symbols. (b) Pictures of three representative filter samples of light (A), medium (B),
and dark (C) BrC. () Same data as in (a) but also showing an exponential decay fit to the data (w =
7.6(£0.4) e~ 124(E15)kss0; R-gquare = 0.9522) and the range of ks (w = 0) of BC reported in Bond and Bergstrom.20 The BC
values fall on the exponential decay function fitting the BrC data, indicating that BrC and BC fall on the same optical
continuum.

The association between BrC darkness and volatility is illustrated in Figure 2 which shows mass
fraction remaining (MFR) of BrC upon heating in the thermodenuder. The thermograms become
less steep with increasing k, indicating that the BrC becomes less volatile with increasing
darkness.
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Figure 2 Thermograms showing mass fraction remaining (MFR) of benzene-combustion BrC with varying imaginary
part of the refractive indices (kss0). Each data point represents a 30-minute average. The calculated standard deviations
are smaller than the size of the symbols. The thermograms correspond to experiments 1, 2, 6, and 10 in Table S1. There
is an inverse correlation between ksso (darkness) and the steepness of the thermograms (volatility). Thermograms A
and B correspond to samples A and B in Figure 1, and C is the refractory BrC residual after heating to 400 °C.

To investigate the association between BrC darkness and molecular size, we performed LDI-MS
analysis on the three samples A, B, and C. Figure 3a shows mass spectra of A and B up to m/z =
1000. For both samples, we obtained regularly repetitive peaks separated by 24 u increments
similar to those previously observed for soot precursors and could be explained by molecular
growth of PAHs via the hydrogen abstraction — acetylene addition (HACA) mechanism.* B
exhibits molecular distributions that are shifted to larger sizes compared to A, confirming that
the darker BrC is comprised of larger molecules. The mass spectra in Figure 3a were obtained
with the detector operated at relatively low sensitivity dictated by saturating the signal of the
highest peak. At this sensitivity, C exhibits no peaks in the m/z <1000 range. The reason is that C
constitutes the fraction of B that did not evaporate in the thermodenuder at 400 °C, which is the
darkest, largest-molecular-size, and least-volatile fraction. To detect BrC at larger m/z values, the
lower end of the m/z space was truncated at m/z =1000, which allowed for operating the detector
at a higher sensitivity. As shown in Figure S1, while B has higher intensities than C at low m/z,
the two mass spectra converge at larger m/z and both exhibit peaks up to m/z = 5000. This
suggests that the larger BrC molecules evaporated less than the smaller ones in the
thermodenuder, which is to be expected since volatility depends on molecular size.® A zoom-in
between m/z = 3300 and 4000 is given in Figure 3b, showing overlapping peaks of B and C. As
expected from its relatively low k (Figure 1a) and high volatility (Figure 2), A exhibits no peaks
in this large-molecular-size range.

These findings provide evidence that the continuum of BrC light-absorption properties (from
light to dark) is associated with increase in molecular size and decrease in volatility. They also
provide fundamentally based confirmation for previous reports that linked highly absorptive BrC
to large-molecular-size® and low-volatility”* organics.
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Figure 3 Mass spectra of three BrC samples (A, B, and C) emitted from benzene combustion with varying darkness
(see Figure 1 for light-absorption properties) obtained using LDI-MS. (a) Mass spectra in the m/z < 1000 range of A and
B obtained with a relatively low detector sensitivity dictated by saturating the signal of the highest peak. Sample C
(the fraction of B that did not evaporate in the thermodenuder at 400 °C) shows no peaks in this m/z range. (b) Mass
spectra of B (magenta) and C (black) in the 3300 — 4000 m/z range obtained by operating the detector at a higher
sensitivity. The overlap between the two mass spectra in this large m/z range indicates that C, the low-volatility fraction
of B, is comprised of the large-molecular-size fraction.

The darkest BrC we isolated corresponds to the residual after heating in the thermodenuder at
400 °C, which we define as refractory BrC (rBrC). The kss0 and w of rBrC in our experiments were
0.2-0.25 and 0.5-1, respectively, which are closer to BC (ksso = 0.6-0.8 and w = 0) than the least-
absorptive BrC we obtained in our experiments (ksso = 0.004 and w = 8.6). This indicates that the
distinction between the light-absorption properties of BrC and BC is not as clear-cut as previously
thought. rBrC is expected to be co-emitted with BC in real-life combustion and is likely to be
lumped with BC (or elemental carbon — EC) in thermal-optical and incandescence measurements
as well as light-absorption measurements which assume that only BC absorbs in the long-visible
wavelengths.

We are confident that the data presented in this paper correspond to particles consisting solely of
organic BrC molecules that did not contain BC. For the moderately absorbing particles, this
follows directly from the complete evaporation in the thermodenuder (Figure 2), which confirms
the absence of refractory material. For the highly absorbing particles, our assertion is based on
size distribution measurements and scanning electron microscopy (SEM) imaging. As shown in
Figure S2, the residual particles after heating in the thermodenuder at 400 °C were compact (near-
spherical) and had a unimodal size distribution with a mode diameter smaller than 30 nm. On
the other hand, BC formation was clearly identified by the formation of amorphous particles with
mode diameters typically larger than 100 nm.

Since BrC has been mostly observed in biomass-combustion emissions, it is important to discuss
the light-absorption properties we found in this study in the context of those reported for
biomass-combustion BrC. Figure 4 presents a compilation of ksso values of biomass-combustion
BrC obtained from various studies and grouped into three categories. The first category is BrC
from low-temperature biomass combustion that produced only organics (no BC).34%57 This type
of combustion is expected to produce a distribution of BrC products skewed towards the low-
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absorbing side of the brown-black continuum, which is corroborated by the small kss0 values. The
second category is BrC from biomass combustion that also produced BC.%7? ksso values of the
second category are generally an order of magnitude larger than the first category. This is
consistent with our brown-black continuum hypothesis because combustion that produces BC is
expected to produce a distribution of BrC products skewed towards the highly absorbing side of
the brown-black continuum. Isolating the low-volatility fraction of BrC constitutes the third
category and yields further order-of-magnitude increase in kss0.”2° This is also consistent with the
brown-black continuum hypothesis because isolating the low-volatility fraction is essentially
isolating the large-molecular-size BrC residing at the highly absorbing end of the continuum.
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Figure 4 Ranges of the imaginary part of the refractive indices at 550 nm (ksso) of BrC in biomass-combustion emissions
reported in the literature. Bars indicate ranges obtained from a certain study. The data are grouped in 3 categories: 1)
BrC from low-temperature combustion (left to right: corn stalk pyrolysis,®” wood pyrolysis,® peat smoldering*>°); 2) BrC
from biomass combustion that also produced BC (left to right: savanna fires,?”” combustion of boreal fuels,® combustion
of boreal and grass fuels”); 3) the low-volatility fraction of BrC.”?¢ Also shown is the range of ksso values obtained in this
study from controlled benzene and toluene combustion, as well as ksso of BC.2

Also shown in Figure 4 is the range of ksso obtained in this study and the range of BC kss reported
in Bond and Bergstrom.? By varying the combustion conditions, we could produce BrC with ksso
that spanned those of smoldering and BC-producing biomass combustion. Furthermore, by
isolating the low-volatility fraction via heating the BrC in the thermodenuder, we obtained kss
values similar to the low-volatility fraction of biomass-combustion emissions. This suggests that
the BrC produced in real-life biomass combustion lies on the same brown-black continuum as the
BrC produced in our experiments, thus supporting our assertion that a significant fraction of
biomass-burning BrC is formed through the same pathways as BC.
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