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Abstract:

We compared the imaginary part of the refractive indices (k) of brown carbon (BrC) retrieved from online
and solvent-extraction offline light-absorption measurements. BrC with variable light-absorption
properties was generated from the controlled combustion of three structurally different fuels: toluene
(aromatic), isooctane (branched alkane), and cyclohexane (cyclic alkane). The online retrieval method
involved combining real-time measurements of aerosol absorption coefficients (at 422, 532, and 781 nm)
and size distributions with Mie calculations. The offline method involved extracting BrC samples with
two organic solvents, methanol and dichloromethane, followed by light-absorption measurements of the
extracts using a UV-vis spectrophotometer. For the least absorbing BrC, & values of the extracts in both
solvents were similar to those of the aerosol. However, for darker BrC, & values of the BrC extracts in
dichloromethane were smaller than those of the BrC aerosol, and & values of the BrC extracts in methanol
were the smallest, with the discrepancy among the three increasing with increasing BrC darkness. These
results indicate that BrC produced in this study was more soluble in dichloromethane than methanol, and
the BrC solubility in both solvents decreased with increasing BrC darkness. Finally, £ of BrC aerosol and
extracts followed the same trend of decreasing wavelength dependence with increasing £ as previous data.
This further supports the brown-black continuum of light-absorption properties and that the differences
observed between k of the BrC aerosol and extracts are due to the inefficiency of solvent extraction and
not due to intrinsic differences between the online and offline methods.
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1. Introduction

Light-absorbing organic aerosol (OA), or brown carbon (BrC), absorbs incoming solar radiation in the
visible and ultra-violet wavelengths (Andreae and Gelencsér 2006; Saleh et al. 2015; Jo etal. 2016; Hammer
et al. 2016; Feng, Ramanathan, and Kotamarthi 2013; Wang et al. 2018; Wang et al. 2014). BrC absorption
has an important yet uncertain effect on atmospheric radiative balance, with estimates of its global radiative
effect ranging over an order of magnitude, between +0.03 W/m? and +0.57 W/m? (Saleh 2020). This large
uncertainty is in part a result of persistent gaps in the fundamental understanding of the BrC chemical
composition and optical properties. BrC absorption has been linked to various species including polycyclic
aromatic hydrocarbons (PAHs) (Saleh et al. 2018; Cheng et al. 2020; Adler et al. 2019), oxygenated and
nitrated aromatics (Li, He, Hettiyadura, et al. 2019; Li, He, Schade, et al. 2019; Liu et al. 2016; Liu et al.
2017; Desyaterik et al. 2013; Cheng et al. 2020), nitrogen heterocyclic compounds (Kampf et al. 2016;
Marrero-Ortiz et al. 2019), as well as interaction of chromophores with charge transfer complexes (Phillips
and Smith 2014, 2015). The diversity in BrC chromophores is manifested as a wide variability in BrC light-
absorption properties, which can be quantified using the wavelength-dependent imaginary part of the
refractive index (k) (Chylek et al. 2019). BrC absorption spectra exhibit an increase toward short-visible
and UV wavelengths (Laskin, Laskin, and Nizkorodov 2015; Moise, Flores, and Rudich 2015), which can
be mathematically represented with a power-law functional dependence on wavelength (i.e., k(1) ~ 1™).
Based on a compilation of light-absorption data of BrC from various sources reported in the literature, Saleh
(2020) proposed an optical classification of BrC based on its k£ at 550 nm (kssp) and w: very weakly
absorbing BrC (VW-BrC) (ksso=10-1073, w=6-9), weakly absorbing BrC (W-BrC) (ksso= 10>-102, w = 4-
7), moderately absorbing BrC (M-BrC) (ksso= 102-10"!, w = 1.5-4), and strongly absorbing BrC (S-BrC)
(ksso> 107", w = 0.5-1.5). It is noteworthy that ksso of VW-BrC and S-BrC are separated by 3 orders of
magnitude and that the more absorptive BrC (larger ksso) is characterized by flatter absorption spectra
(smaller w). Furthermore, there is a correlation between BrC sources and optical classes, with the more
absorptive BrC (M-BrC and S-BrC) mostly associated with high-temperature biomass combustion (Saleh
2020).

In addition to the true variability outlined above, discrepancies between BrC light-absorption properties
reported in the literature arise from differences in measurement techniques and the associated biases and
uncertainties. Retrieval of k£ and w of BrC can be achieved via online aerosol optical measurements coupled
with optical (e.g., Mie theory) calculations (Chakrabarty et al. 2010; Saleh et al. 2013; Saleh et al. 2014;
Lack et al. 2012) or offline methods involving filter collection and extraction with water or organic solvents
followed by light-absorption measurements using ultraviolet-visible (UV-vis) spectrophotometry (Chen
and Bond 2010; Li, Chen, and Bond 2016). The main advantage of the online methods is the ability to
retrieve the optical properties of the BrC aerosol while airborne. However, the retrieval process is relatively
complex. The presence of BC, which is often co-emitted with BrC, induces relatively large uncertainty
because retrieval calculations require knowledge of the poorly constrained BC mixing state and morphology
(Saleh 2020; Stevens and Dastoor 2019). Since BC is insoluble in water and organic solvents (Bond et al.
2013), the offline methods have the advantage of isolating the BrC via solvent extraction. However, not all
types of BrC are efficiently extracted in water and organic solvents (Corbin et al. 2019). Different types of
BrC exhibit variable extraction efficiencies in different solvents, leading to retrieved light-absorption
properties that are solvent-dependent (Chen and Bond 2010; Liu et al. 2013; Shetty et al. 2019).

Traditionally, the most widely used solvent to extract organic aerosol (OA) in atmospheric science research
is water (Hecobian et al. 2010; Claeys et al. 2012; Zhang et al. 2013). Realizing that a significant fraction
of OA is not water soluble, methanol has also been used as a solvent in more recent studies (Fuzzi and
Decesari 2016; Xie et al. 2017; Xie, Hays, and Holder 2017; Phillips and Smith 2017). Methanol has been
shown to be more effective at extracting OA in fresh combustion emissions (Chen and Bond 2010; Sengupta
et al. 2018), which are relatively non-polar. Consequently, for the same combustion emissions, £ values



retrieved for methanol-extracted BrC are larger than those for water-extracted BrC (Chen and Bond 2010;
Wu et al. 2016). Some studies performed sequential extraction in water and methanol and reported overall
absorption from the two extraction steps (Forrister et al. 2015; Liu et al. 2014; Chen and Bond 2010).
Although relatively uncommon in atmospheric aerosol studies, dichloromethane (DCM) is frequently used
as a solvent in combustion soot-formation research due to its efficacy at extracting the large-molecular-size
polycyclic aromatic hydrocarbons (PAHs) that constitute nascent soot (Alfe et al. 2008; Apicella et al. 2007;
Russo et al. 2013), which are important BrC components (Saleh et al. 2018; Cheng et al. 2020). BrC
absorption (i.e., k) increases with increasing molecular size (Saleh et al. 2018) while its solubility decreases
with increasing molecular size (Corbin et al. 2019). Therefore, offline solvent-extraction techniques are
expected to underestimate BrC absorption as they miss the large-molecular-size S-BrC (Saleh 2020), which
is poorly soluble or insoluble in organic solvents (Corbin et al. 2019). This is supported by the findings of
Shetty et al. (2019) who reported that the extraction efficiency of biomass-burning BrC decreased with the
increasing of BC/OA ratio, which is correlated with an increase in production of S-BrC (Cheng et al. 2019;
Saleh 2020; Saleh et al. 2014).

In this study, we investigated the discrepancies in BrC light-absorption properties that arise from retrieval
methods (online versus offline) and the choice of solvent in offline methods. We produced BrC with
variable light-absorption properties from the controlled combustion of three structurally different fuels:
toluene (aromatic), isooctane (branched alkane), and cyclohexane (cyclic alkane). We compared the BrC
light-absorption properties retrieved from online measurements to those retrieved from offline solvent-
extraction measurements using methanol and DCM as solvents.

2. Methods
2.1. Approach

We performed a systematic comparison between the light-absorption properties (k and w) of BrC retrieved
from online light-absorption and aerosol size-distribution measurements and those retrieved from solvent-
extraction followed by offline UV-vis spectrophotometry. We isolated three key effects:

1) Light-absorption properties of the suspended BrC particles: There is an association between BrC light-
absorption properties and its physicochemical properties, such as solubility in organic solvents (Saleh 2020;
Corbin et al. 2019). Therefore, it is important to assess the dependence of solvent-extraction bias on BrC
light-absorption properties. To this effect, we generated BrC with variable k values that span the range
observed for combustion BrC, including weakly absorbing BrC (W-BrC), moderately absorbing BrC (M-
BrC), and strongly absorbing BrC (S-BrC) (Saleh 2020).

2) Fuel type: We used three structurally different fuels: toluene (aromatic), isooctane (branched alkane),
and cyclohexane (cyclic alkane). For each fuel, we generated BrC spanning the optical classes described
above and compared the solvent-extraction bias for BrC within the same optical class but produced from
the different fuels.

3) Solvent type: We used two organic solvents: methanol and DCM. Methanol is recently becoming the
most used organic solvent in atmospheric aerosol research. It has been shown or assumed to extract most
or all (85%-100%) of the OA, including BrC (Chen and Bond 2010; Fuzzi and Decesari 2016; Sengupta
et al. 2018; Xie, Hays, and Holder 2017; Cheng et al. 2016; Liu et al. 2013). On the other hand, DCM is
commonly used in studies of organic nascent soot formation in combustion (Alfe et al. 2008; Apicella et
al. 2007; Russo et al. 2013) due to its efficacy at extracting the PAHs that comprise the nascent soot. We



have previously shown that these PAHs constitute an important fraction of combustion BrC (Saleh et al.
2018); therefore, DCM can potentially be an appropriate solvent for atmospheric BrC research.

Details of the combustion experiments and the online and offline techniques employed to retrieved k and w
of the generated BrC are described in the subsequent subsections.
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Figure 1. Schematic of the experimental setup.
2.2. Combustion experiments and online measurements

The combustion system utilized in this study is described in detail in Cheng et al. (2019). Briefly, controlled
steady flows of fuel, clean air, and additional nitrogen (used as a passive diluent) were introduced into a
temperature-controlled quartz combustion chamber. The temperature of the combustion chamber was
controlled at either 950 °C or 1000 °C in these experiments. The fuel was introduced in vapor form using
a bubbler at a flowrate dictated by the saturation vapor pressure of the fuel (3.4, 5.3, and 10.7 kPa for
toluene, cyclohexane, and isooctane, respectively). The equivalence ratios in the experiments ranged
between 1.1 and 4.7, and the nitrogen/oxygen ratio ranged between 1.9 and 80.5. By tuning the combustion
conditions, we generated BrC with widely variable and well-controlled optical properties. In specific,
increasing the combustion temperature, decreasing the equivalence ratio, and/or decreasing the
nitrogen/oxygen ratio produces darker BrC (larger k£ and smaller w) (Saleh et al. 2018). In two experiments
(one for cyclohexane and one for isooctane), dark BrC was further isolated by passing the emissions through
a thermodenuder controlled at 120 °C. This process relies on the established association between volatility
and BrC optical properties, namely that the residual (less volatile) fraction is darker than the evaporated
(more volatile) fraction (Saleh et al. 2018, Saleh 2020). Details of the combustion conditions for each
experiment are given in Table S1 in the Supplementary Information (SI).

In order to tune the combustion conditions to produce BrC of certain desired light-absorption properties,
we relied on real-time calculations of the wavelength-dependent mass absorption cross-section (MAC, m?
g) and absorption Angstrom exponent (AAE). Those could be readily obtained from the real-time
measurements of the absorption coefficients (has, Mm™) and total aerosol mass concentrations (1,):

MAC(A) = baps(1)/m, (D



AAE was obtained by fitting a power-law function to Equation (1). We measured bqaps at A =422, 532, and
781 nm using a 3-wavelength Multi-pass Photoacoustic Spectrophotometer Spectrometer (Multi-PAS III)
(Fischer and Smith 2018). m, was calculated by integrating the size distribution within the size range 10—
550 nm measured using a scanning mobility particle sizer (SMPS, TSI) with a density value of 1.2 g cm™,
which was measured using the tandem differential mobility analyzer — aerosol particle mass analyzer
(tandem DMA-APM) technique (Malloy et al. 2009). We classified the aerosols based on their electricity
mobility diameter (dn) using a differential mobility analyzer (DMA, TSI) and then measured the mass of
the selected particles (m) using an aerosol particle mass (APM, Kanomax) analyzer. The mobility
effective density (p.rr) was calculated as (McMurry et al. 2002):

Peft = 2)
6

We have previously confirmed that BrC particles formed at similar conditions were near-spherical particles
based on scanning electron microscopy (SEM) images (Saleh et al. 2018). Thus, the mobility-equivalent
volume of BrC particles in Equation (2) is equal to the true volume of the particles and peir measured by the
tandem DMA-APM technique is equal to the true density. As shown by the calculations in the SI, the
multiply charged particles contributed less than 1% of the particle mass and had a minimal effect on the
retrieved effect densities.

For each experiment, we processed the light-absorption (Multi-PAS III) and size-distribution (SMPS) data
to retrieve the BrC £ at 422 nm, 532 nm, and 781 nm using optical closure (Saleh et al. 2018). Unlike MAC,
k is independent of particle size, allowing for a direct comparison between the light-absorption properties
of BrC in the aerosol phase with those of BrC extracts. The procedure involved optimizing a Mie code to
reproduce the measured bas at each wavelength using the size distribution as input and £ as a free parameter.
We note that the combustion conditions were controlled to avoid BC production. We have previously shown
that the pure organic particles generated under such conditions are near-spherical (Saleh, Cheng, and Atwi
2018), thus justifying the use of Mie calculations in the optical closure. Following the range of values
reported in the literature, we assumed a real part of the refractive index between 1.5 and 1.7 in the
calculations (Sumlin et al. 2018; Saleh et al. 2014; Moise, Flores, and Rudich 2015; Browne et al. 2019; Li,
He, Hettiyadura, et al. 2019). We then calculated w as the exponent of a power-law fit to the retrieved &
values versus wavelengths. Hereafter, we refer to the k£ and w values retrieved for the airborne particles as
Kacrosol and Waerosol t0 distinguish them from the £ and w values retrieved from UV-vis measurements of
extracts (Kextracts and Wexiracts).

2.3 Filter collection and extraction

For each experiment, we collected BrC samples at a flow rate of 10 Ipm on 47 mm polytetrafluoroethylene
(PTFE, Teflon) filters (Whatman, TE 35, 0.2 pm pore size). To ensure we had enough BrC for clear UV-
vis signals, we collected ~0.75 mg of BrC under each combustion condition, requiring approximately 3
hours of sampling time per condition. The combustion conditions and BrC optical properties were uniform
during the sampling time, which is one of the main advantages of the combustion system employed in this
study. In preliminary experiments, we noticed that the filters start clogging when loadings exceed ~0.3 mg.
Thus, for each experiment, we collected three filters, each with a loading of ~0.25 mg.

The filter samples were extracted and analyzed immediately after collection in order to minimize any
potential physicochemical changes. The filter extraction procedure was similar to Hecobian et al. (2010)
and Phillips and Smith (2017). We divided each of the three filters into two pieces and sonicated one piece
of each filter in a glass vial (Fisherbrand, 03-339-22F) for 20 minutes with 10 ml of either methanol



(Macron fine chemicals, 3016-16, > 99.8% purity) or DCM (SIGMA-ALDRICH, 270997-2L, > 99.8%
purity). Preliminary experiments showed that sonication for longer than 20 minutes did not affect the results.
After sonication, we filtered the solution using 0.2 um PTFE filters (STERLITECH Corporation,
PTUO021350, 13 mm diameter) to remove undissolved particles, which cause bias in the UV-vis absorption
measurements due to scattering (Phillips and Smith 2017).

We estimated the BrC concentration in the solution (Cgc) following a procedure similar to Li, Chen, and
Bond (2016). We pipetted 300 pl from each solution using silicon-coated tips onto a blank prebaked 1.5
cm? quartz filter punch (Pall Inc., Tissuquartz 2500). We then evaporated the solvent using a 10 Ipm stream
of clean, dry air for 10 minutes. The BrC is orders of magnitude less volatile than the solvents (Boublik,
Fried, Hala 1984), and therefore the amount of BrC evaporated in this procedure is negligible. The total
mass of carbon on the filter punches (m1c) was measured using an OC-EC analyzer (Sunset Laboratory Inc,
Portland, OR, USA, Model 5L), and Cs:c was calculated as mrc divided by the pipetted solution volume
(300 pl). Even though in these experiments the OC as a whole exhibited substantial light absorption and is
classified as BrC, it should be noted that OC is comprised of a range of species with variable light-
absorption properties, some of which might be negligibly absorbing in the visible spectrum. To validate the
accuracy of this method, we prepared solutions with known concentrations of pyrene in DCM and methanol
and were able to retrieve the concentrations with less than 7% error (see Table S2 in SI). With the absence
of information on the elemental composition of the BrC, we assumed that the BrC concentration was equal
to the carbon concentration. Based on previous chemical speciation measurements of BrC produced under
similar conditions (Cheng et al. 2020), we expect OA/OC (or BrC/OC) to be close to 1 for the lightest BrC
samples and less than 1.4 for the darkest BrC samples (Section 3.2).

It is important to note that control experiments that involved quantifying mc in solutions of extracted clean
filters revealed that both methanol and DCM dissolved plastics (e.g., Polyvinyl chloride (PVC),
polycarbonate (PC), polyethylene (PE)), which showed as an OC signal on the OCEC analyzer. To
minimize the contact of the solvents with plastic, we used either metal or glass tools/containers in the
extraction process and covered each vial with aluminum foil before sealing with the PVC cap. We verified
that none of the tools/containers used in this extraction process caused any bias in the measured Cgic (see
SI). However, DCM still dissolved organic matter in the PTFE filters leading to ~ 0.026 g/l bias in Cgc
(see SI). Therefore, Cg:c in the DCM solutions was corrected by subtracting 0.026 g/l from the measured
concentrations. We verified that the dissolved organic matter from the filters did not exhibit any UV-vis
absorption.

2.4. Retrieving light-absorption properties of BrC extracts

The UV-vis absorbance (A) of the BrC extracts was measured in the range 200 nm to 800 nm at a 1 nm
resolution using a UV-vis Spectrophotometer (Agilent, Cary 60). We retrieved the wavelength-dependent
imaginary part of the refractive index of the extracts (kexiracts) from the measured absorbance following the
method of Sun et al. (2007). kextracts 1S related to the absorption coefficient of the BrC extracts (o, cm™):

Kextracts() = = (D) 3)

Note that even though a and bavs have the same dimensions (L), they have different physical meanings and
should not be confused. While a is a material property, as evident in Equation (3), bas represents the total
absorption cross-section of an aerosol per unit volume of air and therefore depends on the aerosol
concentration. o is obtained from absorbance measurements as:

a(l) = In10 222 (4)

Cprc L



Where L is the optical path length (1 cm), Cgc is the concentration of BrC extracts (Section 2.3), and p is
the density of the extracted BrC, assumed to be 1.2 g cm™ (the density we obtained for the suspended
aerosol; Section 2.2). The derivation of Equations (3) and (4) are given in the SI.

The wavelength dependence of Kexctracts (Wextracts) Was obtained as the exponent of a power-law fit of kexctracts
versus wavelength. For direct comparison between Wacrosol ad Wexiracts, the fit was limited to the wavelength
range of the Multi-PAS III (422 nm — 781 nm). Note that since a is proportional to kexiracts(A) (Equation 3)
and the wavelength dependence of o is AAE, it follows that A AEcxiracts = Wexrtacts T 1, Which is the expected
relation for the small-particle limit (Saleh 2020). Furthermore, unlike Aexiracts, the retrieval of Wexiacs 1S
independent of p and Cgc and is thus not subject to the biases associated with the assumptions outlined
above.

2.5. Validation of the online and offline methods using nigrosin

In order to quantify the bias in kexracts and Wexmacts @associated with extraction efficiency, we need first to
assess any inconsistency between the online (aerosol) and offline (extracts) retrieval methods that is not
associated with extraction efficiency. To that effect, we compared Kkaerosol and kexiracts Of nigrosin (Sigma
Aldrich, CAS# 8005-03-6), a water-soluble organic dye. Nigrosin has been widely used as a model material
of light-absorbing aerosol to validate PAS measurements (Lack et al. 2006; Wiegand, Mathews, and Smith
2014; Bluvshtein et al. 2017). We prepared an aqueous solution of nigrosin and used a constant output
atomizer (TSI 3076) followed by diffusion drying to generate nigrosin aerosol. We retrieved Kacrosol
following the procedure described in Section 2.2 using a real part of the refractive index of 1.7 (Dinar et al.
2007). We retrieved kexiacs following the procedure described in Section 2.4 using a density of 1.5 g cm™,
which was obtained using the tandem DMA-APM technique.

3. Results and discussion
3.1. Light-absorption properties of nigrosin

Figure 2 shows kexiracts as a function of wavelength between 400 nm and 800 nm and Kaerosol at 422 nm, 532
nm, and 781 nm. We retrieved kacrosol following the procedure described in Section 2.2. In the calculations,
we used real part of the refractive index (n) values reported by Bluvshtein et al. (2017), which are 1.613 +
0.007, 1.641 £ 0.007, and 1.836 = 0.011 at 422 nm, 532 nm, and 781 nm, respectively. Both online and
offline retrievals show that £ of nigrosin exhibits a peak in the mid-visible wavelengths and drops to
smaller values towards the long-visible and short-visible wavelengths. This wavelength dependence of &
is consistent with nigrosin’s dark “midnight purple” appearance. At 532 nm, kacrosol and Kexracts are 0.280 =
0.009 and 0.270 + 0.004, respectively, which are in good agreement, and within the range reported in the
literature (Dinar et al. 2007; Garvey and Pinnick 1983; Bluvshtein et al. 2012; Lang-Yona et al. 2009;
Bluvshtein et al. 2017) (Figure 2). The differences are larger at 422 nm (kaerosol = 0.160 £ 0.004, kextracts =
0.132 £ 0.004) and 781 nm (kaerosol = 0.207 £ 0.006, kextracts = 0.161 £ 0.002). Nevertheless, these results
indicate that the light absorption properties obtained using online and offline methods are consistent, and
any significant differences (> ~20%) in kacrosol and kexiracts 0f BrC could be attributed to extraction
efficiency.
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Figure 2. Imaginary part of the refractive index (k) of nigrosin retrieved from online and offline
measurements. The range of the shaded area is the uncertainty of UV-vis measurements (~5%), which is a
combination of the variances of the absorption measurements and uncertainty in the concentration
measurements (see uncertainty analysis in SI). The error bars reflect the uncertainty in online measurements
(absorption coefficients and size distributions) and the range of n values used in Mie calculations.

3.2 Comparison of the light-absorption properties of BrC aerosol and extracts

The BrC generated from the controlled combustion of toluene, cyclohexane, and isooctane had kaerosor at
532 nm (kaerosol,532) Values ranging over approximately two orders of magnitude (0.005 to 0.127). These
values cover the range for combustion BrC reported in the literature, and fall under the weakly absorbing
(W-BrC), moderately absorbing (M-BrC), and strongly absorbing (S-BrC) optical-based classes introduced
by Saleh (2020). waerosol and kaerosol,532 €xhibit an inverse relation, where darker BrC is characterized by larger
kacrosol,532 and smaller waerosol (Saleh et al. 2018), consistent with the darker BrC being composed of larger
molecular-size aromatic species with smaller optical energy gaps that extend their absorption into longer
wavelengths (Corbin et al. 2019). The corresponding wacrosol ranged between 3.0 and 9.2 for the darkest and
lightest BrC, respectively. The numerical values of kacrosot and Wacrosol from all experiments are given in
Table S1 in the SI.

The BrC concentrations (Cgc) and UV-vis absorbance of BrC extracts in the two solvents are plotted
against Kacrosol,532 in Figure 3. As shown in Figure 3a, with the exception of the lightest BrC sample (smallest
kacrosol 532), Circ 0f the DCM extracts was larger than Cg,c of the methanol extracts, indicating that DCM had
a better extraction efficiency than methanol based on carbon mass. The significance of the difference in
extraction efficiency between the two solvents is more evident in Figure 3b, which shows relatively close
absorbances of DCM and methanol extracts for the light BrC samples (small kaeroso1,532) but a significantly
steeper increase in the absorbance of DCM extracts with increasing kaerosor,532 compared to methanol extracts.
Absorbance is a consequence of both abundance (i.e., Cpic) and intrinsic absorption (i.e., k), as evident in
Equation 3 and Equation 4. Therefore, these results indicate that for the same BrC aerosol, the DCM extracts
did not only have higher BrC mass concentrations, but the BrC in DCM extracts was also more absorbing
(darker) than the BrC in methanol extracts. We note that since the DCM extracts are darker and are thus



expected to exhibit larger molecular sizes than methanol extracts (Saleh, Cheng, and Atwi 2018), the better
carbon-mass-based extraction efficiency of DCM might not necessarily translate to better extraction
efficiency in terms of number of molecules. The results in Figure 3 indicate that a small fraction of highly
absorbing BrC molecules contributes disproportionately to overall BrC absorption. For instance, the
concentration of DCM extracts of the darkest BrC sample is a factor of 2 larger than the methanol extracts,
but their absorbance is larger by a factor of 5.
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Figure 3. Comparisons of (a) concentrations (Cg:c) and (b) absorbance at 532 nm (A4s3,) of DCM-extracted
and methanol-extracted BrC as a function of the imaginary part of the refractive index of BrC aerosol at
532 nm Kkaerosol,532. BrC was generated from the combustion of toluene, cyclohexane, and isooctane. Error
bar represent measurement uncertainties (see uncertainties analysis in SI). The horizontal error bars reflect
the uncertainty in online measurements (absorption coefficients and size distributions) and the uncertainty
associated with the range of n values used in Mie calculations. The uncertainty analysis associated with
concentration and absorption measurements (vertical error bars) are described in the SI.

This is further illustrated in Figure 4, which depicts kexiracts,s32 and Wexiracts Obtained from the offline
solvent-extraction measurements using methanol and DCM plotted against Aaerosol,532 @Nd Waerosol. The
numerical values of Aexiracts 532 and Wexiracts from all experiments are given in Table S1 in the SI. Also, the



spectra of kextracts and kaerosol Versus wavelength from all experiments are plotted in Figure S2 in the SI. We
note that even though the combustion conditions are controlled in this study and the BrC produced at each
condition is relatively uniform compared to real-life uncontrolled combustion, the BrC at each condition
still comprises species with a continuum of molecular sizes and light-absorption properties. As evident in
Figure 4, the DCM-extracted BrC was darker (larger kexiracts 532 and smaller Wexiracts) than the methanol-
extracted BrC, indicating that DCM was more efficient at extracting the larger-molecular-size, more light-
absorbing fraction of the BrC. There is no apparent fuel dependence of the difference in light-absorption
properties between methanol-extracted and DCM-extracted BrC, suggesting that there is no significant
fuel dependence of the difference in extraction efficiency between methanol and DCM. These results
indicate that DCM is a more potent solvent than methanol in extracting combustion BrC, particularly the
darker fraction. Given that the absorbances (Figure 3) and light-absorption properties (Figure 4) of the
DCM and methanol extracts are similar for W-BrC and diverge as BrC becomes darker, we expect the
methanol extracts are a subset of DCM extracts. However, it is possible that some molecules are extracted
by methanol and not DCM, in which case sequential extraction in both solvents would lead to better BrC
quantification.

With the exception of the lightest BrC data point (Figure 4), the BrC from all fuels and combustion
conditions had kexrtacts < Kacrosol @0d Wexiracts > Wacrosol fOr both solvents, signifying that, even with DCM, the
extraction efficiency of each BrC sample was lower for the darker fraction of the sample. This is expected
because, for some classes of molecules, solubility decreases with increasing molecular size (Corbin et al.
2019), while BrC absorption increases with molecular size (Saleh et al. 2018). These results are consistent
with the findings of Shetty et al. (2019) who compared light absorption by biomass-burning BrC aerosol to
light absorption by BrC extracts using water, methanol and acetone. They reported that, for all solvents, the
ratio of extracts absorption to aerosol absorption decreased with increasing BC/OA of the emissions, which
is correlated with increasing BrC darkness (Saleh et al. 2014; Cheng et al. 2019; McClure et al. 2020).

In general, the results shown in Figure 4 show that solvent-extraction techniques can substantially
underestimate BrC light absorption. For methanol-extracted BrC, kexctracts,532 Was smaller than 0.025 and
Wexiracts Was larger than 7 for all samples, suggesting that the majority of methanol-extracted BrC was weakly
absorbing (W-BrC). On the other hand, DCM also extracted a significant fraction of the moderately
absorbing BrC (M-BrC), but the strongly absorbing BrC (S-BrC) remained largely unextracted. The BrC
in this study was produced from the combustion of single-molecule fuels and does not exhibit the diversity
in molecular structures of combustion BrC in the atmosphere. However, we expect that the general trends
observed in this study, namely the dependence of solubility on optical class and the associated discrepancy
between offline solvent-extraction and online methods, to apply to combustion BrC in general. Real-life
uncontrolled combustion (e.g., biomass burning) produces BrC components that exhibit wide distributions
within different optical classes, with the fraction of components in each class being dependent on the
general combustion regime. Smoldering combustion would feature more of the W-BrC class, while flaming
combustion would feature more of the M-BrC and S-BrC classes (Saleh 2020). Therefore, as can be inferred
from Figure 4, the bias in BrC light-absorption properties retrieved from solvent-extraction methods is
expected to become more prominent as the combustion approaches flaming conditions and the emitted BrC
becomes darker.
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Figure 4. Comparison of BrC light-absorption properties retrieved from online measurements (aerosol) and
offline measurements (extracts) using methanol and DCM as solvents. For clarity, uncertainty bounds
(given in Table S1) are not shown in the figure. a) Imaginary part of the refractive indices at 532 nm. b)
Wavelength dependence of the imaginary part of the refractive indices. The horizontal error bars reflect the
uncertainty in online measurements (absorption coefficients and size distributions) and the uncertainty
associated with the range of n values used in Mie calculations. The vertical error bars reflect a combination
of the variances of the absorption measurements and uncertainty in the concentration measurements (see
uncertainty analysis in SI).

3.3 The continuum of light-absorption properties

We have previously established that BrC exhibits a continuum of light-absorption properties characterized
by pairs of inversely correlated mid-visible £ (e.g., k£ at 550 nm, ksso) and its wavelength dependence (w),
where ksso and w approach those of BC for the darkest BrC on the continuum (Saleh et al. 2018). In that
study, we generated BrC from the combustion of benzene and toluene and retrieved the light-absorption
properties from online measurements (same procedure as Section 2.2). In this study, we further expanded
the data set by 1) generating BrC from two additional structurally different fuels (cyclohexane and
isooctane) and 2) retrieving ksso and w of BrC extracts using methanol and DCM as solvents in addition to
ksso and w of the aerosol. All the w versus ksso data points from this study and Saleh et al. (2018) are
plotted in Figure 5. The ksso values of BrC aerosols from this study were calculated from the £s3; retrieved
from the online b.,s measurements at 532 nm and w values (Figure 4) as ksso = ks32 (532/550)".

As shown in Figure 5, regardless of structural difference (branched alkane, cycloalkane, aromatic), BrC
from all three fuels reproduced the brown-black continuum introduced by Saleh et al. (2018) with well-
correlated ksso and w. This result further confirms that BrC production and its light-absorption properties
are not tied to certain fuel types, but are governed by combustion conditions (Saleh et al. 2018; Saleh 2020;
Cheng et al. 2019). The combustion of any hydrocarbon fuel can produce BrC at any location along the
brown-black continuum if combusted at the “right” combustion conditions (temperature, equivalence ratio).
However, these right conditions are different for different fuels (Cheng et al. 2019; Saleh 2020).
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Even though the solvents, especially methanol, only extracted the less-absorbing fraction of the BrC
samples, the ksso and w of the extracts still fall on the same continuum as those of the BrC aerosol. This
provides further evidence for the inverse relation between ksso and w of BrC. Furthermore, these results
provide support for the conclusion that the differences observed between kaerosol and kexiracts (Figure 4) are
due to the inefficiency of solvent extraction and not due to intrinsic differences between the online and
offline methods.
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Figure 5. Wavelength dependence of the imaginary part of the refractive index (w) versus the imaginary
part of the refractive index at 550 nm (ksso) of BrC generated from controlled-combustion of toluene,
isooctane, and cyclohexane. The ksso and w values include those retrieved from online measurements
(aerosol) and offline measurements using solvent-extraction by DCM and methanol (extracts). Also shown
are ksso and w values from Saleh et al. (2018) for BrC aerosol produced from the combustion of toluene and
benzene.

4. Conclusions

The experiments performed in this study revealed significant discrepancies between BrC light-absorption
properties retrieved using online methods and offline solvent-extraction methods. These discrepancies are
mainly associated with extraction inefficiency, which is more prominent for darker BrC. For the BrC
produced in this study from the combustion of toluene, cyclohexane, and isooctane, DCM exhibited better
extraction efficiency, and thus less bias in retrieved light-absorption properties, than methanol, indicating
that DCM is a more powerful solvent for extracting combustion BrC. However, even with DCM, the
imaginary part of the refractive indices of the extracts were significantly smaller than those of the aerosol,
with the difference increasing with increasing BrC darkness. Therefore, it should be noted that BrC light-
absorption properties obtained using offline solvent-extraction techniques are those of the extracted fraction
and are not necessarily representative of the whole BrC. The results obtained in this study also provide
further evidence that BrC exhibits a continuum of light-absorption properties characterized by pairs of
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inversely correlated mid-visible imaginary part of the refractive indices (e.g., at 550 nm, kss0) and their
wavelength dependence (w). The inverse correlation between ksso and w applies for BrC produced from the
combustion of structurally different fuels and for ksso and w obtained from both online and oftline solvent-

extraction techniques.
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