
Investigating the Dependence of Light-absorption Properties of Combustion Carbonaceous 

Aerosols on Combustion Conditions 

 

Zezhen Cheng, Khairallah Atwi, Travis Onyima, Rawad Saleh* 

Air Quality and Climate Research Laboratory, University of Georgia, 110 Riverbend Road, Athens, GA 

30602, USA 

School of Environmental, Civil, Agricultural, and Mechanical Engineering, University of Georgia, 597 

D.W. Brooks Drive, Athens, GA 30602, USA 

*  To whom correspondence should be addressed. rawad@uga.edu, (706) 542-6110 

 

Abstract 

We performed controlled combustion experiments to investigate the dependence of the mass absorption 

cross-section (MAC) and absorption Ångström exponent (AAE) of combustion carbonaceous aerosol 

emissions on combustion conditions. Using benzene and toluene as fuels, we obtained a wide range of 
combustion conditions by varying the combustion temperature and equivalence ratio. We also used 

nitrogen as a passive diluent to tune the combustion conditions. We calculated MAC and AAE from 

multi-wavelength light-absorption measurements using a photoacoustic spectrophotometer and aerosol 
mass loadings estimated from thermal-optical analysis. Starting with relatively low-temperature and fuel-

rich combustion conditions and progressively increasing the temperature and/or decreasing the 

equivalence ratio, we produced emissions with progressive change from weakly absorbing brown carbon 
(BrC) (MAC at 532 nm (MAC532) = 0.24 m2/g and AAE = 8.6) to strongly absorbing BrC (MAC532 = 2.1 

m2/g and AAE = 3.1) to mixtures of black carbon (BC) and strongly absorbing BrC (MAC532 = 7.7 m2/g 

and AAE = 1.5). These findings indicate that combustion conditions are important in dictating the light-

absorption properties of the emitted aerosols. Furthermore, regardless of fuel type and combustion 
conditions, the emitted aerosols exhibit a unified continuum of light-absorption properties that can be 

characterized by MAC532 and AAE pairs. The MAC532 and AAE pairs are well-correlated with the 

elemental carbon-to-organic carbon ratio (EC/OC), which is a proxy of combustion conditions, 
confirming previous findings that EC/OC is a practical basis for parameterizing the light-absorption 

properties of combustion carbonaceous aerosols. 
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1. Introduction 

Carbonaceous aerosols, including black carbon (BC) and organic aerosol (OA), have significant but 
poorly constrained impacts on the climate (Bond et al. 2013; IPCC 2013). BC absorbs solar radiation 

efficiently (Bond and Bergstrom 2006; Moosmüller et al. 2009) and has been established as a leading 

climate-warming agent, potentially second only to CO2  (Bond et al. 2013; IPCC 2013; Jacobson 2001b). 

The OA interaction with solar radiation and its impact on the climate are more complicated than those of 
BC. OA encompasses organic species with highly diverse chemical structures and optical properties. 

Some OA species absorb solar radiation and are dubbed brown carbon (BrC) (Andreae and Gelencsér 

2006). Unlike BC which has relatively well-constrained light-absorption properties (Bond and Bergstrom 
2006), the BrC light-absorption properties reported in the literature are highly variable  (e.g. Alexander, 

Crozier, and Anderson 2008; Chakrabarty et al. 2010; Selimovic et al. 2017; Hoffer et al. 2017; 

Kirchstetter et al. 2004; Saleh et al. 2013, 2014; Utry et al. 2013). BrC is less absorbing than BC as 
manifested in its smaller wavelength-dependent mass absorption cross-section (MAC) values. However, 

MAC of BrC exhibits a stronger wavelength dependence, which is usually quantified in terms of the 

absorption Ångström exponent (AAE). AAE for freshly emitted BC is typically close to unity (Bond et al. 

2006; Moosmüller et al. 2011) and can be up to 1.7 when BC is internally mixed with other material 
(Lack and Cappa, 2010), indicating that  BC light absorption is weakly dependent on wavelength in the 

visible spectrum. On the other hand, the BrC AAE values reported in the literature range between 2 and 9 

(Chakrabarty et al. 2010, 2016; Kirchstetter et al. 2004; Lack and Langridge 2013; Sumlin et al. 2018; 
Sun et al. 2017; Xie, Hays, and Holder 2017; Zhang et al. 2013). The considerable variability in BrC 

light-absorption properties stems from the diversity in its (poorly understood) chemical composition 

(Laskin et al. 2015). 

Open biomass combustion is the most significant source of BrC (Akagi et al. 2011; Chen and Bond 2010; 

Kirchstetter and Thatcher 2012; Saleh et al. 2014). Moreover, BrC has been associated with the 
incomplete combustion of fossil fuels (Du et al. 2014a, 2014b, Olson et al. 2015) as well as secondary 

organic aerosols from biogenic and anthropogenic precursors (Laskin et al. 2015; Lambe et al. 2013; 

Rizzo et al. 2011, 2013; Updyke et al. 2012). In this study, we focus on combustion BrC. The variability 
in the light-absorption properties of combustion BrC has been attributed to the variability in combustion 

conditions (Chen and Bond 2010; Saleh et al. 2014; Martinsson et al. 2015; ). The combustion conditions 

are generally governed by the combustion temperature and equivalence ratio (Φ) (Turns 2000), which are 
challenging to quantify in the real-life uncontrolled combustion that usually produces BrC and BC. To 

overcome this, previous studies have resorted to proxies to indirectly characterize the combustion 

conditions, including the relative abundance of elemental carbon (EC) and organic carbon (OC) in the 

particulate emissions (Vicente et al. 2015; Chen et al. 2014; Shen et al. 2012; Stockwell et al. 2016; Hong 
et al. 2017).  Values of EC-to-OC ratio (EC/OC) reported in the literature for uncontrolled biomass 

combustion are highly variable (Olson et al. 2015; Roden et al. 2006; Yang et al. 2009; Chen et al. 2014; 

Bauer et al. 2009; Zhang et al. 2013; Akagi et al. 2011), underscoring the diversity in combustion 
conditions. EC/OC (Xie, Hays, and Holder 2017; Pokhrel et al. 2016) and BC/OA (Saleh et al. 2014) 

have been utilized to parameterize the optical properties of combustion carbonaceous aerosols. While EC 

and BC have different operational definitions that depend on the measurement method,  they are closely 

related and are often used interchangeably (Watson et al. 2005). 

In this paper, we systematically explore the effect of combustion conditions on the light-absorption 
properties (MAC and AAE) of the emitted carbonaceous aerosols by performing a series of combustion 

experiments controlled at different temperatures and equivalence ratios. We also assess the efficacy of 

EC/OC in predicting the light-absorption properties of combustion carbonaceous aerosols. 

2. Methods 



In order to generate carbonaceous aerosols of different light-absorption properties, we performed 
combustion experiments, using benzene and toluene as fuels, controlled at two different combustion 

temperatures and using various equivalence ratios. We used nitrogen as a passive diluent to fine tune the 

combustion conditions, as elaborated in section 2.1. We performed online measurements of aerosol size 

distributions and light absorption at each combustion condition. We also collected filter samples for 
offline thermal-optical analysis to determine the elemental carbon-to-organic carbon ratio (EC/OC) and 

estimate the aerosol mass loadings. Those were then used to calculate MAC and AAE of the aerosol and 

develop the parameterizations.  

 

  Figure 1. Schematic of the experimental setup. 

2.1 Combustion experiments 

The experimental setup is shown in Figure 1. We performed controlled-combustion experiments in a 

custom-made quartz combustion chamber (ID 50 mm × H 120 mm) enclosed in two 180° semi-cylindrical 

heating elements (Thermcraft) that could heat the chamber to a maximum temperature of 1200 °C. The 
temperature inside the chamber was measured by a high-temperature type-K thermocouple (OMEGA, 

KMQXL-125E-12) and controlled by a PID controller (OMEGA, CNi3244). Fuel was introduced into the 

combustion chamber by flowing clean air through a bubbler containing the fuel, thus saturating the air 

with fuel. An additional stream of clean air was mixed with the fuel-saturated stream to adjust the 
equivalence ratio. We also added a stream of nitrogen to fine-tune the combustion conditions (see below). 

The flow rates were controlled using mass-flow controllers (DAKOTA, 6AGC1AL55-09AB). We diluted 

the combustion emissions with clean air in a custom-made glass dilution chamber (ID 150 mm × H 140 
mm) to reduce the aerosol concentrations to levels within the detection limits of the real-time instruments. 

The aerosol was conditioned in a home-built diffusion dryer (ID 10cm × L 65 cm) to a relative humidity 

lower than 15%. 

We performed combustion experiments at two temperatures, 950 °C and 1050 °C. At each temperature, 

we varied the equivalence ratio (Φ) defined as: 



𝛷 =  
(𝑛fuel 𝑛O2)⁄

(𝑛fuel 𝑛O2)⁄
st.

          (1) 

Where (𝑛fuel 𝑛O2
)⁄  is the fuel-to-oxygen ratio calculated from the relative volumetric flowrates of fuel 

and air and (𝑛fuel 𝑛O2
)⁄

st.
 is the stoichiometric fuel-to-oxygen ratio, which is 0.13 and 0.11 for benzene 

and toluene, respectively. The volumetric flow rate of the fuel was calculated as: 

𝑄fuel =
𝑃sat,fuel

𝑃tot
 𝑄tot          (2) 

Where Psat,fuel is the saturation vapor pressure of the fuel, Ptot is the total pressure (1 atm), and Qtot is the 

total volumetric flow rate of fuel and air exiting the bubbler. As confirmed by the calculations in the SI, 

the residence time of a bubble rising in the bubbler (approximately 1 s) is longer than the time required to 
saturate a single bubble (approximately 0.4 s), confirming that the vapor pressure of the fuel exiting the 

bubbler is equal to Psat,fuel. We calculated Psat,fuel using the Antoine equation: 

𝑃sat,fuel = 10𝐴−
𝐵

𝐶+𝑇          (3) 

Where T is the temperature (K) inside the bubbler and A, B, and C are component-specific constants. A = 

4.01814, B = 1203.835, and C = -53.226 for benzene (Willingham et al. 1945) and A = 4.23679, B = 

1426.48, and C = -45.957 for toluene (Besley and Bottomley 1974). 

Tuning the combustion conditions to achieve specific light-absorption properties (MAC and AAE) has 

proved to be challenging if relying only on manipulating Φ. The reason is that MAC and AAE are more 

sensitive to Φ than the precision at which we can control the relative flow rates of fuel and air. To 

overcome this issue, we used nitrogen as a passive diluent to fine-tune the combustion conditions. Adding 

a passive diluent reduces the reaction intensity of the combustible gases (Wagnon and Wooldridge 2014; 

Li et al. 2015) and thus decreases the combustion efficiency. The effect on the combustion products is 

similar to making the combustion more fuel rich. However, MAC and AAE are less sensitive to the 

change in the flow rate of the added nitrogen than to change in the flow rate of the fuel or air (oxygen). 

Therefore, adjusting the nitrogen flow rate allowed us to accurately control the combustion conditions to 

achieve the desirable MAC and AAE values. 

With the introduction of nitrogen as a passive diluent, however, the previously defined equivalence ratio 

(Φ) is no longer sufficient to describe the combustion conditions. In other words, two combustion 

experiments can have the same temperature and Φ but different combustion efficiencies, and 

consequently different combustion products, if one of the experiments involves adding a passive diluent 

(see SI Table S1). Hence, to present the light-absorption properties as a function of combustion 

conditions, we define a modified equivalence ratio (Φ’) that captures the effect of the passive diluent 

(nitrogen) in decreasing the combustion efficiency. Adding nitrogen has a similar effect on the 

combustion efficiency and the aerosol light-absorption properties as reducing oxygen. Therefore, we 

define Φ’ as: 

𝛷′ =  
 𝑛𝑓𝑢𝑒𝑙 𝑛O2 ℎ𝑦𝑝⁄

(𝑛fuel 𝑛O2)⁄
𝑠𝑡.

 (4) 



Where  𝑛𝑓𝑢𝑒𝑙 𝑛O2 ℎ𝑦𝑝⁄  is the fuel-to-oxygen ratio corresponding to a hypothetical oxygen flow rate 

(𝑄O2hyp) that is reduced compared to the actual oxygen flow rate. 

In order for the hypothetical reduction in the oxygen flow rate to capture the effect of the added nitrogen, 

it should be proportional to the added nitrogen flowrate (𝑄N2
). To achieve that, we calculate 𝑄O2hyp by 

scaling the actual oxygen flow rate as follows: 

𝑄O2hyp = (
𝑥′

O2

𝑥O2

) 𝑄O2
          (5) 

Where 𝑥O2
 = 0.21 is the mole fraction of oxygen in air, 𝑄O2

 is the actual oxygen flowrate, and 𝑥′
O2

 is the 

mole fraction of oxygen in the system containing air and the added nitrogen: 

𝑥′
O2

=  𝑄O2
/(𝑄air + 𝑄N2

)         (6) 

Where 𝑄air is the total air flowrate entering the combustion chamber. Combining equations (1) and (4) – 

(6), we obtain: 

𝛷′ =  𝛷(1 +
𝑄N2

𝑄air
)          (7) 

We stress that Φ’ serves as a convenient parameter to qualitatively represent changes in combustion 

conditions when nitrogen is added as a passive diluent (see Figure 3) based on our observation that adding 

nitrogen moves the combustion products in the same direction as making the combustion more fuel rich. 

However, we do not imply that adding nitrogen has the same effect on combustion chemistry as 

increasing the fuel-to-oxygen ratio. In other words, for two combustion systems A and B (with B 

involving additional nitrogen as a passive diluent), we do not imply that A and B exhibit the same 

combustion chemistry if Φ A = Φ’B. 

2.2. Light-absorption and size-distribution measurements 

At each combustion condition, we measured real-time aerosol absorption coefficients (babs, Mm-1) at 422, 

532, and 782 nm using a 3-wavelength multi-pass photoacoustic spectrophotometer (Multi-PAS III) built 

by Geoffrey Smith’s group (University of Georgia) following the same design as Fischer and Smith 2018. 
This design has the advantage that a single wavelength calibration is applicable to all wavelengths 

(Fischer and Smith 2018). However, we performed our calibrations at 422 nm and 532 nm to ensure 

consistency. The calibration was performed daily with NO2 (1-5 ppm in N2) using NO2 absorption cross-
section values of 5.79×10-19 cm2 /molecule and 1.47×10-19 cm2 /molecule at 422 nm and 532 nm, 

respectively (Vandaele 2002). We obtained the instrument calibration coefficient as the average of the 

two calibration coefficient. With the absence of reliable NO2 absorption cross-section data at 782 nm, we 

opted to exclude the 782 nm laser from the calibration process. The Multi-PAS III has a detection limit 
better than 0.6 Mm-1 (Fischer and Smith 2018). This detection limit is much smaller than the absorption 

coefficients observed in our experiments, which were typically larger than 10, 100, and 500 Mm-1 at 782, 

532, and 422 nm respectively. 

We measured the aerosol electrical-mobility size distributions within the size range 10-550 nm using a 
Scanning Mobility Particle Sizer (SMPS, TSI). The SMPS includes an Electrostatic Classifier (TSI, 

Model 3082) with a long Differential Mobility Analyzer (DMA, TSI, Model 3081A00), an Advanced 



Aerosol Neutralizer (TSI, Model 3088), and a Condensation Particle Counter (CPC, TSI, Model 3772). 
Typical number and mass size distributions of combustion particles are shown in Figure 2a and Figure 2b, 

respectively. The particle size distributions exhibited a strong dependence on the combustion conditions. 

As shown in Figure 2, the particles generated in our combustion experiments fall into two general 

regimes: pure organics (BrC) and mixed BrC and BC (BrC+BC). For combustion conditions that 
produced only BrC, the particles were relatively small and exhibited a unimodal size distribution with 

mass-mode diameters typically smaller than 60 nm. On the other hand, combustion conditions that 

produced BrC+BC were characterized by bimodal particle size distributions, with the mass concentration 
being dominated by the larger particles (Figure 2b). As the mass distributions of the BrC+BC particles 

were not adequately captured within the SMPS measurement window, we applied lognormal fits to obtain 

the missing part of the distributions (Figure 2b).  

a

b

 

Figure 2. Typical SMPS (a) number and (b) mass (assuming a density of 1g/cm3) size distributions of 

combustion particles containing only BrC (brown) and BrC+BC (black). The SMPS measurement 

window does not adequately capture the BrC+BC mass distribution. To obtain the missing part of the 

distributions, we used log-normal fits (dotted magenta line). 

2.3. Determining aerosol mass concentrations and elemental-carbon / organic-carbon ratios 



For each experiment, we measured the integrated total carbon (TC) mass loading on the filter and the 
elemental carbon-to-organic carbon ratio (EC/OC) using an OC-EC analyzer (Sunset Laboratory Inc, 

Model 5L) operated using the IMPROVE-A protocol, which has been commonly employed in OC-EC 

studies ( Chow et al. 2001, 2007; Karanasiou et al. 2015; Salako et al. 2012). We collected the 

combustion particles at a flow rate of 6 standard liters per minute (SLPM) on 47 mm quartz fiber filters 
pre-baked at 200 ˚C for 12 hours. The detection limit of the OC-EC analyzer specified by the 

manufacturer is 0.1 μg/cm2. Therefore, we targeted loadings on the order of 10 μg /cm2. The active 

collection area on each quartz fiber filter is approximately 11.3 cm2. Hence, the loading corresponds to 
113 μg /filter. With typical aerosol concentrations of 300 μg /cm3, the sample collection time was 

approximately 1 hour. As shown in SI Figure S1, the aerosol light-absorption properties and the particle 

concentrations (i.e., integrated size distributions) were stable during each sampling period to within 5% 

and 10%, respectively. 

We utilized the OC-EC analysis to obtain EC/OC for each experiment, which we used to parameterize the 

light-absorption properties of the aerosol (see section 3.3). Estimating EC/OC collected on quartz filters is 

prone to both negative and positive artifacts when the aerosol sample contains volatile and semi-volatile 

organic compounds (VOCs and SVOCs) (Turpin et al. 1994; Turpin et al. 2000; Cheng et al. 2010). The 
negative artifact is caused by evaporation of SVOCs collected on the filter during the time between the 

end of sampling and beginning of the OC-EC analysis. To minimize this artifact, we performed the OC-

EC analysis immediately after sampling (i.e., the filters were not stored before OC-EC analysis). The 
positive artifact is caused by adsorption of VOCs and vapor-phase SVOCs on the quartz filter, which 

leads to overestimating the OC mass. To minimize this artifact, we employed the bare-quartz (BQ) and 

quartz-behind-Teflon (QBT) method (Ma et al. 2016; Chen and Bond 2010; Gao et al. 2006; Kirchstetter 

et al. 2001; Subramanian et al. 2004). In addition to the main quartz filter (BQ), we added another 
sampling line with a quartz filter installed downstream of a Teflon filter (QBT). This method assumes that 

the Teflon filter exhibits minimal adsorption of VOCs and vapor-phase SVOCs, and those are adsorbed 

on the QBT filter. Therefore, the particle-phase OC can be estimated as the difference between the OC 

collected on the QB and QBT filters. 

We also used the measured TC to estimate the average aerosol mass loading Cp (µg/m3) during an 

experiment, which is later used to calculate MAC (section 2.4). This was done using 

𝐶p =  
𝑚𝑇𝐶

𝑡∙𝑄
           (8) 

Where mTC is the total mass loading on the filter, Q is the sample collection flow rate, and t is the sample 

collection time.  

Equation (8) assumes that the aerosol mass is dominated by carbon (TC). This assumption is justified as 

follows: We have previously shown using laser-desorption ionization mass spectrometry that the organic 

aerosol emitted at similar combustion conditions was dominated by molecules with sizes typically larger 
than 300 Da (and up to several 1000 Da) and with signatures indicative of a strong presence of polycyclic 

aromatic hydrocarbons (PAHs) (Saleh et al. 2018). The mass of these large organic molecules is 

dominated by carbon. 

To validate this calculation of mass loading, we combined the aerosol particle mass loading 

measurements from OC-EC analysis and the volume concentrations obtained from integrating SMPS 

electrical-mobility size distributions (section 2.2) to calculate particle effective densities: 

𝜌eff =  
𝐶p

𝑉p
           (9) 



Where Cp is the particle mass loading and Vp is the SMPS integrated volume concentration. 

As described in section 2.2, depending on the combustion conditions, the particles were either pure 
organic (BrC) or mixed BrC+BC. The pure BrC particles exhibit compact, near-spherical morphologies 

(Saleh et al. 2018), and, therefore, their effective density calculated using equation (9) corresponds to the 

actual material density. We obtained densities between 1.2 and 1.5 g/cm3 for the pure BrC particles (see 

SI Table S1). These values are in good agreement with the values reported in the literature for organic 
aerosol (Cross et al. 2007; Schmid et al. 2009), thus validating our OC-EC method to calculate particle 

mass loadings.  

The OC-EC method is especially useful for the BrC+BC particles because they exhibit irregular 

morphologies (Saleh et al. 2018) and are expected to be composed of a complex mix of internally and 
externally mixed particles. This makes it challenging to estimate their mass concentration by relying on 

SMPS size distributions with the absence of detailed information on mixing state and morphology. To 

validate the mass-loading calculations for the BrC+BC particles, we combined OC-EC mass loadings 

with integrated SMPS volume concentrations to obtain distribution-average shape factors (χ) of the 
BrC+BC particles and compared them with values reported in the literature for BC-containing particles. χ 

can be calculated as (Sarangi et al. 2016; Rissler et al. 2014; Malloy et al. 2009): 

𝜒 =  √
𝜌p

𝜌eff

3
             (10) 

Where ρp is the material density of the aerosol, and ρeff is the effective density obtained from equation (9). 

For the BrC+BC particles, we estimated ρp as the weighted average of BrC (1.3 ± 0.1 g/cm3, estimated 

based on the average BrC density from the OC-EC analysis ) and BC (1.8 ± 0.1 g/cm3) (Bond et al. 2013) 

assuming that the BC-to-BrC ratio is equal to the EC-to-OC ratio obtained from the EC/OC analysis: 

𝜌p = 𝜌BrC
𝑚OC

𝑚TC
+ 𝜌BC

𝑚EC

𝑚TC
         (11) 

The χ values we obtained for the BrC+BC particles range between 1.09 and 2.63 (the complete list of 

values is given in SI Table S1). This range overlaps with χ values for BC-containing particles reported in 
the literature, with the variability attributed to differences in morphology and mixing state (Slowik et al. 

2004; Ahern et al. 2016; Slowik et al. 2007). Furthermore, the χ values are well correlated with EC/OC 

(SI Figure S2). This correlation is expected because the increase in EC/OC is associated with deviation 

from sphericity (χ = 1) and is in qualitative agreement with previous reports (Slowik et al. 2007; Qiu et al. 

2012; Zhang et al. 2016; Ahern et al. 2016; Schnitzler et al. 2014). 

2.4. Light-absorption properties calculations 

We quantified the light-absorption properties using the wavelength-dependent mass-absorption cross-

section (MAC, m2/g). MAC follows an approximate power-low wavelength dependence and can, 

therefore, be represented using two parameters: MAC at a particular wavelength (λ), which we choose to 

be 532 nm (the mid-wavelength of the Multi-PAS III), and the absorption Ångström exponent (AAE): 

MAC =  MAC532 (
532

𝜆
)AAE          (12) 

It is important to note that MAC and AAE depend on particle size and morphology (Lack and Cappa 

2010; Bond et al. 2006; Soewono and Rogak 2013; Poudel et al. 2017) and are thus not true intensive 



properties. However, they are commonly employed because they can be readily calculated from light-
absorption measurements. On the other hand, retrieving refractive indices, which are the fundamental 

optical properties, requires involved optical calculations. The retrieval process is especially challenging 

for non-spherical particles, where the commonly used Mie calculations are not suitable, and the optical 

calculations require detailed knowledge of the morphology (Adachi, Chung, and Buseck 2010; Lack and 
Cappa 2010; Bond and Bergstrom 2006; Moosmüller, Chakrabarty, and Arnott 2009; Sorensen 2001). 

With the absence of morphology information for the mixed BrC+BC particles in this study, we elected to 

represent the light-absorption properties using MAC and AAE. For each experiment (i.e., combustion 

condition), we calculated MAC at 422, 532, and 782 nm as: 

MAC =
𝑏abs

𝐶p
           (13) 

Where babs is the experiment-mean absorption coefficient measured using the Multi-PAS III (section 2.2), 

and Cp is the mean particle mass loading obtained from OC-EC measurements (section 2.3).  

The AAE for each experiment was obtained by fitting a power-law function to the wavelength-dependent 
MAC (equation 12) measured at the three wavelengths (422, 532, and 782 nm). Therefore, the AAE 

obtained here is an effective AAE that represents the wavelength dependence of measured aerosol 

absorption over the visible spectrum. 

3. Results and discussion 

3.1. The dependence of aerosol light-absorption properties on combustion conditions 

The obtained dependence of MAC at 532 nm (MAC532) and AAE on combustion conditions is 

summarized in Figures 3a and 3b, respectively. In each panel, we show the results for toluene and 
benzene combustion at temperatures of 950 °C and 1050 °C.  As described in section 2.2, depending on 

the combustion conditions, the emitted particles fall into two general regimes: pure BrC and mixed 

BrC+BC. To visually distinguish between the two regimes, we added a grey background shading to the 
BrC+BC region in Figure 3. For both fuels and combustion temperatures, the MAC532 and AAE values 

show similar trends as a function of Φ’. Starting with largest Φ’, the particles have small MAC532 (as 

small as 0.24 m2/g) and large AAE (as large as 8.6) values, which are similar to values frequently 

observed for weakly absorbing BrC in smoldering-biomass emissions (Chakrabarty et al. 2010; Chen and 
Bond 2010; Chakrabarty et al. 2016; Li et al. 2016). As Φ’ decreases, MAC532 increases and AAE 

decreases, which is indicative of darker BrC. The MAC532 (2.09 m2/g) and AAE (3.1) values for the 

darkest BrC in this study are similar to those observed for dark biomass-burning BrC  (Saleh et al. 2014; 
Kirchstetter et al. 2004) and tar balls (Hoffer et al. 2016, 2017). As expected, the BrC+BC particles 

exhibit larger MAC532 and smaller AAE values, and as the BC content increases (see section 3.3), they 

converge to the values frequently reported for BC of (MAC532 = 7-8 m2/g and AAE close to unity) (Bond 

and Bergstrom 2006). 

Even though the trends of MAC532 and AAE versus Φ’ are similar, the values are dependent on fuel type 
and combustion temperature. To investigate this dependence, it is helpful to qualitatively define 

combustion efficiency as the level of completeness of the combustion reaction. This definition is 

consistent with the definition of the “modified combustion efficiency,” quantified as the ratio of CO to 
CO2 in the emissions, which has been previously employed to characterize combustion conditions 

(Selimovic et al. 2017; Xie et al. 2017; Akagi et al. 2011; Aurell et al. 2015; Sun et al. 2018). The 

combustion efficiency is governed by fuel type, combustion temperature, and Φ’. Specifically, for a 
certain fuel, the combustion efficiency increases with increasing temperature and/or decreasing Φ’. If the 



BC-formation threshold is located in the combustion-efficiency space, reducing the combustion efficiency 
below this point produces pure BrC particles, which are the organic precursors of BC (Saleh et al. 2018). 

The darkness of these BrC particles varies proportionally with combustion efficiency (Saleh et al. 2018). 

This behavior is evident in Figure 3 for the pure BrC particles. For both benzene and toluene combustion, 

the emitted BrC is darker (larger MAC532 and smaller AAE) for decreasing Φ’ at a constant combustion 

temperature or increasing combustion temperature at a constant Φ’. 

Figure 3 also reveals a dependence of combustion efficiency on fuel type. In the pure BrC regime, 

benzene combustion emitted darker BrC than toluene combustion for the same combustion temperature 

and Φ’. It is important to note that this result does not indicate that benzene and toluene emit different 
types of BrC but rather that benzene combustion progresses more efficiently towards the BC-formation 

threshold than toluene combustion. Put in other words, both benzene and toluene produce the same BrC 

continuum, but for the same combustion temperature and Φ’, benzene produces BrC that is further along 

the continuum (more mature) than toluene. This assertion is further discussed in section 3.2. 

It is important to note that approaching the BC-formation threshold (shaded regions in Figure 3a and 3b) 
marks a convergence in MAC532 and AAE for both fuels and combustion temperatures. The reason is that 



BC is the end product to which the soot-formation process converges, which leads to its relatively 

uniform, fuel-independent and temperature-independent light-absorption properties.  

a

b

 

Figure 3. The dependence of light-absorption properties of the carbonaceous aerosols emitted from 

benzene and toluene combustion on the modified equivalence ratio (Φ’ – see derivation in section 2.1) for 

combustion temperatures of 950 °C and 1050°C. The shaded regions correspond to combustion 

conditions that produced mixed BrC+BC particles, and the non-shaded regions correspond to conditions 
that produced pure BrC particles. a) The mass absorption cross-section at 532 nm (MAC532). b) The 

absorption Ånsgström exponent (AAE). Error bars represent measurement uncertainty (see uncertainty 

analysis in SI). The MAC532 reported here is calculated based on the correction for adsorbed VOCs as 
described in section 2.2. For reference, a similar plot is presented in SI Figure S3 without correcting for 

the adsorbed VOCs. 

3.2. The continuum of light-absorption properties 

As shown in Figure 4, the data points from all the combustion experiments in Figure 3 collapse on the 

same continuum when their histories (fuel and combustion conditions) are ignored and are instead 

presented in AAE versus MAC532 space. This result supports our assertion in section 3.1 that the 
dependence of the light-absorption properties on fuel type, combustion temperature, and Φ’ observed in 



Figure 3 is not a manifestation of diversity in formation pathways. It rather indicates that combinations of 
fuel type, combustion temperature, and Φ’ dictate how far the soot-formation process progresses along 

the same continuum. We stress that for the four fuel-type/combustion-temperature combinations in this 

study (benzene at 1050 °C, benzene at 950 °C, toluene at 1050 °C, and toluene at 950 °C), we could vary 

Φ’ to produce wide and overlapping portions of the continuum that spanned weakly absorbing BrC to 
highly absorbing BrC to mixtures of BC and highly absorbing BrC (Figure 4). However, combustion 

temperature can be a limiting factor. For instance, regardless of fuel type and Φ’, low combustion 

temperatures would potentially produce only BrC in the weakly absorbing part of the continuum. 

We have previously introduced the continuum of light-absorption properties of combustion carbonaceous 
aerosol produced through the soot-formation route, the brown-black continuum, in Saleh et al. (2018). In 

that study, we presented experimental evidence of this continuum for BrC and posited that the continuum 

extended into the BC regime. Here, we present experimental evidence that it indeed applies to both the 
BrC and BC regimes. As shown in Figure 4, the same trend set by the MAC532-AAE pairs upon 

progression from light to dark BrC continues beyond the BC-formation threshold. This implies that in 

practice, the light-absorption properties of combustion carbonaceous aerosol produced via the soot-

formation route, which includes both BrC and BC, as well as their mixtures, can be parameterized within 

a unified framework.  

For completeness, we reproduced Figure 4 but for AAE between 532 nm and 422 nm (AAE532-422) and 

between 782 nm and 532 nm (AAE782-532). Figure S5 in the SI shows the effective AAE over the visible 

spectrum (i.e. what we simply refer to as AAE in this paper) versus AAE532-422 and AAE782-532. As 
expected, AAE782-532 < AAE < AAE532-422. The reason is that each sample is composed of components 

with varying light-absorption properties, and the darker components (large MAC, small AAE) dominate 

the absorption in the long-visible range while the contribution of the lighter components (small MAC, 

large AAE) to absorption increases in the short-visible range. As shown in Figure S6, while there are 
differences in the values of effective AAE, AAE532-422, and AAE782-532, they all exhibit the same 

exponential decay trend as a function of MAC. 

To close this section, a discussion of the potential universality of the brown-black continuum (Figure 4) is 

in order. Theoretical and experimental investigations suggest that the soot-formation route, which 
involves sequential organization of aromatic rings into large PAHs (Michelsen 2017), is expected to be 

fairly fuel-independent (Lautenberger et al. 2005; Johansson et al. 2018). Therefore, we expect that the 

light-absorption properties of the components along this route, i.e., the brown-black continuum, to also be 

fuel-independent. In this study, we present evidence of fuel independence by showing that benzene and 
toluene combustion produce the same brown-black continuum (Figure 4). However, more structurally 

diverse and complex fuels (e.g., solid fuels) need to be investigated in order to scrutinize the universality 

of the brown-black continuum. Furthermore, the brown-black continuum applies for carbonaceous 
particles produced through the soot-formation route. However, different classes of BrC have been 

observed in combustion emissions, especially biomass combustion, including nitroaromatic compounds 

(Budisulistiorini et al. 2017; Zhang et al. 2013; Iinuma et al. 2010; Lin et al. 2016; Claeys et al. 2012), 
charge transfer complexes (Phillips and Smith 2014, 2015), and tar balls (Hoffer et al. 2017; Chakrabarty 

et al. 2010; Alexander et al. 2008). An understanding of the relative contributions of the different classes 

to the total BrC budget is still lacking (Laskin et al. 2015), and it remains to be seen whether the light-



absorption properties of these types of BrC fall on the same continuum as the BrC produced in this study 

through the soot-formation route. 

 

Figure 4. The mass absorption cross-section at 532 nm (MAC532) versus the absorption Ånsgström 
exponent (AAE) for all the data points in Figure 3. The shaded region corresponds to mixed BrC+BC 

particles, and the non-shaded region corresponds to pure BrC particles. The dotted magenta line is an 

exponential-decay fit (AAE = (8.17±0.58) exp[(-0.67±0.09) MAC532] +1, R2=0.9709). The dotted black 
line is a power-law fit (AAE = (4.37±0.22) MAC532

-0.48±0.04, R2=0.9686). Error bars represent 

measurement uncertainty (see uncertainty analysis in SI). The MAC532 reported here is calculated based 

on the correction for adsorbed VOCs as described in section 2.2. For reference, a similar plot is presented 
in SI Figure S4 without the adsorbed VOCs correction. 

3.3. Parameterizing the light-absorption properties as a function of EC/OC 

The ratio of elemental carbon to organic carbon (EC/OC) in combustion emissions can be readily 
calculated from emissions inventories (Petzold et al. 2013; Chow et al. 2012; Caserini et al. 2013; Bond et 

al. 2004). This makes EC/OC an attractive proxy of combustion conditions for parameterizing aerosol 

optical properties obtained from laboratory and field measurements for use in large-scale climate 
calculations. Figure 5 shows EC/OC, determined as described in section 2.3, versus Φ’ for all combustion 

experiments. For each fuel, EC/OC increases with increasing combustion efficiency (increasing 

temperature and/or decreasing Φ’), confirming that EC/OC is a good indicator of combustion conditions. 

EC/OC and the closely related BC/OA have been previously shown to correlate with the carbonaceous 

aerosol light-absorption properties (Saleh et al. 2014; Xie et al. 2017; Pokhrel et al. 2016). More 
specifically, the carbonaceous aerosol becomes darker with increasing EC/OC. Differentiating between 

two aspects of this correlation is important. The first aspect is that the increase in carbonaceous aerosol 

darkness with EC/OC is partly attributed to the fractional increase of the highly absorptive EC (or BC) in 
the aerosol. The second aspect is that as the EC/OC (or BC/OA) increases, the organics aerosol (or BrC) 

becomes darker as shown by Saleh et al. 2014. This is consistent with the brown-black continuum (Saleh 

et al. 2018) because the more conducive the combustion conditions are to forming BC, the more skewed 

the BrC components are to the darker end of the continuum. 



Our controlled-combustion experiments enable us to distinguish the dark BrC from BC and show that the 
light-absorption properties of BrC and BC can be combined in a unified parameterization. To do that, we 

exploited a measurement artifact of the thermal-optical method used to determine EC/OC. Specifically, a 

fraction of OC is usually pyrolyzed during the step-increase in temperature in the OC-analysis stage 

(Bauer et al. 2009; Chow et al. 2001; Jeong et al. 2004). This is manifested as an increase in attenuation 
of a 633 nm laser, which is continuously monitored during the analysis. The pyrolyzed OC is quantified 

as the amount of carbon measured after the introduction of O2 (i.e. during the EC-analysis stage) until 

reflectance returns to its initial value at the beginning of the OC analysis phase ( Karanasiou et al. 2015; 
Chow et al. 2007; Chow et al. 2004; Chow et al. 2001). An implicit assumption in the pyrolyzed-OC 

correction process is that only EC absorbs at 633 nm. Therefore, OC (or BrC) that absorbs appreciably at 

633 nm is inaccurately registered as EC, and for the same amount of BrC, the registered amount of 
“artificial EC” increases with increasing BrC darkness. As shown in Figure 6, for the pure BrC particles 

in our experiments, MAC532 and AAE are well correlated with the artificial EC/OC. The correlation 

extends into the BC-formation regime (i.e., when the registered EC includes “true EC”), where MAC532 

increases and AAE decreases due to the formation of both BC and highly absorptive BrC. 

 

Figure 5. Elemental carbon-to-organic-carbon ratio (EC/OC) versus modified equivalence ratio (Φ’) for 
all experiments. The shaded region corresponds to mixed BrC+BC particles, and the non-shaded region 

corresponds to pure BrC particles. Error bars represent measurement uncertainty (see uncertainty analysis 

in SI). The EC/OC reported here is corrected for adsorbed VOCs as described in section 2.2. For 

reference, a similar plot is presented in SI Figure S7 with uncorrected EC/OC. 
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Figure 6. Parameterizing the light-absorption properties of combustion carbonaceous aerosols as a function 

of EC/OC. The shaded regions correspond to mixed BrC+BC particles and the non-shaded regions 

correspond to pure BrC particles. The EC/OC reported here is corrected for adsorbed VOCs as described 

in section 2.2. For reference, a similar plot is presented in SI Figure S8 with uncorrected EC/OC. a) Mass 

absorption cross-section at 532 nm (MAC532) versus EC/OC. The dotted magenta line is a fit with the 

equation: MAC532 = (1.04±0.20) log(EC/OC) + (4.13±0.52), R2 = 0.8431. b) Absorption Ångström 

exponent (AAE) versus EC/OC. The dotted magenta line is a fit with the equation: AAE = (1.21±0.14) 

EC/OC-0.4155±0.03 +1, R2 = 0.9850. Error bars represent measurement uncertainty (see uncertainty analysis in 

SI).   

4. Conclusions 

By performing controlled-combustion experiments that span both pure BrC as well as mixed BrC+BC 
formation regimes, we show that the light-absorption properties in both regimes follow the brown-black 

continuum introduced by Saleh et al. 2018. At the same combustion conditions, the two fuels used in this 

study (benzene and toluene) produce BrC with different optical properties, with benzene consistently 

producing darker BrC. However, this difference is not a manifestation of differences in formation 
pathways but is rather an indication that the soot-formation process in benzene combustion progresses 



more efficiently than in toluene combustion. When presented in optical-properties space, the BrC and BC 
produced by both fuels fall on the same brown-black continuum characterized by pairs of increasing 

MAC at 532 nm (MAC532) and decreasing AAE. 

For both the pure BrC and mixed BrC+BC regimes, MAC532 increases and AAE decreases with 

increasing EC/OC, which is an indicator of combustion efficiency. Systematically traversing the two 

regimes using controlled-combustion experiments shows that this correlation is due to both the formation 
of progressively darker BrC as well as the increase in BC fraction with increasing combustion efficiency. 

This finding provides a fundamental basis for previous reports on the observed dependence of light-

absorption properties on EC/OC. It also suggests that a unified framework can potentially be implemented 
to parameterize the light-absorption properties of carbonaceous aerosols produced through the soot-

formation route in both the pure-organic (e.g., smoldering) and BC-forming (e.g., flaming) combustion 

regimes. 
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