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ABSTRACT OF THE THESIS 

 

Evolution of Chemical and Optical Properties of Secondary Organic Aerosols Generated 

from Nighttime Oxidation of Unsaturated Heterocyclic Compounds 

by 

Nilofar R. Raeofy 

Master of Science, Graduate Program in Environmental Sciences  

University of California, Riverside, June 2021 

Dr. Roya Bahreini, Chairperson 

 

Studies have shown that the secondary organic aerosols (SOA), generated from 

the oxidation reactions of organic compounds, can produce light-absorbing species 

referred to as secondary brown carbon (BrC).1  BrC is a significant contributor to climate 

radiative forcing and atmospheric warming, however, chemical composition and optical 

properties of BrC aerosols remain poorly understood. Biomass burning (BB) has been 

recognized as the major source of primary and secondary BrC aerosols in the 

atmosphere.2-4  The nighttime chemistry in BB plumes ca enhance the formation of BrC 

in the atmosphere.5,6 Heterocyclic compounds are emitted in large quantities from BB 

smoke and can act as possible precursors for BrC formation. 

 In this work, we investigated the optical properties and chemical evolution of BrC 

formed during the nighttime NO3-initiated oxidation of furan, furfural, pyrrole, 1- 

methylpyrrole, and thiophene in laboratory chamber studies. Pyrrole oxidation led to 

formation of the most absorbing BrC, followed by furan- and furfural- derived SOA.  
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 Thiophene and 1-methylpyrrole oxidation produced only slightly absorbing SOA. 

Trends in signatures of different SOA functional groups are investigated to explain the 

observed differences in the measured optical properties: single scattering albedo (SSA), 

mass absorption coefficient (MAC), and refractive index (RI) of SOA. 
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CHAPTER I: INTRODUCTIONS 
 
 
1.1 Atmospheric Aerosols  
 

Atmospheric aerosols, consisting of solid or liquid particles suspended in air, play a 

major role in the atmosphere. The Fifth Assessment Report by the Intergovernmental Panel 

on Climate Chang (IPCC) (AR5) estimated a global mean direct radiative (RF) forcing of 

-0.35 (-0.85 to +0.15) W m-2 for aerosols due to aerosol-light interaction with RF of -0.09 

(±0.16 to ±0.03) and ±0.03 (±0.27 to +0.20) for primary and secondary organic aerosols 

(generated from fossil fuel and biofuel combustions), respectively.7  

 Aerosols can scatter or absorb incoming solar radiation and significantly influence the 

EaUWK¶V UaGLaWLYH baOaQcH; they affect the distribution and abundance of trace gases, and 

influence cloud formation.8,9 Atmospheric aerosols also have important impacts on human 

health, causing damaging effects on cardiovascular and respiratory systems.10,11 

Atmospheric aerosols can be formed from natural and anthropogenic sources. They can be 

emitted directly from different sources such as fossil fuels combustions, biomass burning, 

and wind-driven processes (e.g. sea salt, soil, and mineral dust). They can be formed in the 

atmosphere through gas-particle conversion processes (e.g. nucleation, condensation, and 

heterogenous reactions).8 

 
1.2 Secondary Organic Aerosols (SOA) 
 

Organic aerosols (OA) comprise a large fraction (20-90%) of submicron aerosols in 

the atmosphere. 12±14 Organic aerosols that are directly emitted into the atmosphere are 

referred to as primary organic aerosols (POA). Volatile/ intermediate volatility/ semi-
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volatile organic compounds (VOCs, IVOCs, and SVOCs, respectively) can undergo 

oxidation in the gas phase to yield products with sufficiently low vapor pressures that can 

condense to the particle phase, generating secondary organic aerosols (SOA). It is 

estimated that SOA accounts for 70-90% of OA mass.8 Light-absorbing aerosols such as 

black carbon (BC), mineral dust, and brown carbon (BrC) have been shown to result in 

positive radiative forcing.15,16 BrC and BC can be emitted directly from biomass burning 

and fossil fuel combustion. BrC can also be produced secondarily as SOA in the 

atmosphere.1,9 While BC absorbs light in a wide range from ultraviolet (UV) to infrared, 

BrC light absorption is strongly wavelength-dependent, increases toward the shorter 

wavelengths of visible (400-700 nm) and into near ultraviolet and ultraviolet region (200-

400 nm).17±19  

Identification of BrC chromophores is highly crucial for the determination of BrC 

optical properties and their direct radiative effects.20,21 The organic fraction of aerosols 

consists of hundreds of different species making it challenging to identify chromophores 

that are responsible for light absorption. Several studies have suggested that nitro-aromatic 

species in aerosols are a potentially important contributor to near-UV light absorption and 

they account for 4% of light absorption by BrC.20,22 Additionally, condensation reactions 

involving carbonyls and ammonium salts, amines, and amino acids can result in light-

absorbing products that could account for at most 10% of the global light absorption by 

BrC.23,24 Recently, nitro-containing heterocyclic compounds (e.g. nitropyrrole) have also 

been found to be an important component of BrC.5  
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1.3 Aerosol Optical Properties 
 

The extent of scattering and absorption of light by aerosols strongly depend on 

SaUWLcOH¶V size, shape, morphology, chemical composition, refractive index, and 

wavelength of the incident light. Single scattering albedo (SSA), mass absorption 

coefficient (MAC), and complex refractive index (RI) are critical parameters used in 

models and calculations of aerosol radiative forcing to determine the impacts of light-

absorbing aerosols on the EaUWK¶V UaGLaWLYH baOaQcH.25±27  

Single scattering albedo denotes the scattering fraction of total extinction while the 

mass absorption coefficient is expressed as the aerosol absorption per unit organic mass 

concentration. Also, the imaginary part (k) of the complex RI (m=n+ik) can be used to 

determine the aerosol absorption. In this work, we focus on trends and comparisons of 

these optical properties in the different systems.  

 

 
1.4 Biomass Burning Emissions 

 

Biomass burning (BB) including wildfires, agricultural fires, and prescribed fires is a 

major source of particulate matter (PM), gases such as carbon dioxide (CO2), nitrogen 

oxide (NOx), and a variety of organic compounds with a range of volatilities, e.g., VOCs, 

IVOCs and SVOCs.28,29 It is estimated that IVOCs and SVOCs account for 15-37% of BB 

carbonaceous emissions.30 With more than 3.9 Tg yr-1 emissions, BB aerosols and their 

subsequent transformations in the atmosphere play a major role in climate and air 

quality.31,32 Modeling studies have reported a global radiative forcing of 0.03-0.57 W m-2 
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attributed to BrC components of BB.31,33 Studies have shown that BrC in fresh BB organic 

aerosol contains numerous chromophores with different polarity, volatility, and chemical 

structure.34 These BB aerosols, after emission into the atmosphere, can undergo chemical 

processing, dilution, and coagulation on timescales of seconds to days, which would affect 

their overall optical properties in the atmosphere.4,34,35 Unsaturated heterocyclic 

compounds containing heteroatoms (e.g., N, O, and S) represent a unique family of reactive 

compounds that are emitted in large quantities during BB events.5 Hatch et al., estimated 

emission factors of 5-37% of total emitted carbon for furans (oxygenated aromatic species) 

during biomass burning events.29 Moreover, thiophene, sulfur analog to the furan ring, has 

emission factors similar to that reported for dimethyl sulfide, thus it may be an important 

source of organosulfur compounds in BB aerosol.29,36  

Under global warming scenarios, with the increase in global mean temperatures, the 

number and intensity of wildfires are expected to increase and so does the emission of 

primary BrC-containing BB aerosols and the precursors for secondary BrC aerosols. 

Therefore a more comprehensive knowledge of formation pathways and physicochemical 

nature of these aerosols is essential to provide the input for atmospheric models assessing 

impacts of wildfires on the radiation budget.37±39  

 
 
1.5 Research Goals 
 

While daytime photochemistry of BB plumes have been studied in a number of 

laboratories and field studies, much less is known about the nighttime BB emissions 

oxidative processing.40,41 Nighttime oxidative processing of BB aerosols are expected to 
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be dominated by nitrate radicals (NO3) and O3.31,42 In BB emissions, NOx is emitted in high 

levels and can readily be oxidized by O3 to generate NO3 radicals. Previous studies have 

shown that major unsaturated heterocyclic compounds can readily react with NO3, forming 

absorbing nitroaromatics (RNO2) or organonitrates (ON, i.e., RONO2 ) that can partition 

into particle phase.5,34 

 In this research, the NO3 oxidation of unsaturated heterocyclic compounds 

including furfural, furan, thiophene, pyrrole, and 1-methylpyrrole was investigated as 

probable sources of secondary BrC in laboratory chamber experiments. Seed aerosol and 

different NOx/O3 ratios were used in some experiments to enhance partitioning to particle 

phase and evaluate kinetics of NO3 radical formation, respectively. We used both online 

and offline techniques to evaluate composition and optical properties (e.g., SSA, MAC, 

and RI at 375 nm) of SOA from different precursors. Chemical evolution of SOA was 

analyzed to identify potential chromophores.  
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CHAPTER II: EXPERIMENTAL SETUP 

2.1 Chamber Setup and Instrumentation 

Experiments were conducted in a 10 m3 FEP Teflon chamber bag under relative 

humidity ranging from 0-20 % (TRH-Central, Omega Engineering Inc, temperature and 

relative humidity probe) at temperatures between 20-25 °C. Figure 2.1 shows the smog 

chamber setup.  

 

 

Figure 1: Smog Chamber Set-up 

 

Volatile hydrocarbons used in this study were furan (TCI America, >99%), Thiophene 

(Alfa Aesar, 99%), pyrrole (TCI America, >99%), furfural (Acros Organics, 99%), and 1-

methylpyrrole (TCI America, >99%). O3 was generated through corona discharge (A2Z 

Ozone 3GLAB) and injected into the chamber to achieve initial O3 mixing ratios of ~1500 

ppbv. Two different approaches were taken for generating NO3 in the chamber from the 

reaction of O3 with NO2: 1) Injecting NO2 (Airgas) followed by the injection of O3. 2) 
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Injecting O3 first followed by the injection of NO (Airgas) to generate NO2, followed by 

additional injection of O3. Two levels of NOx were aimed for this study with the target 

initial mixing ratios of ~150 and ~450 ppbv for NO2. Next, VOC was evaporated into the 

chamber by flowing N2 over the liquid in a glass bulb to achieve a mixing ratio of ~200 

ppbv. During the seeded experiments, ammonium sulfate (AS) seed particles were 

introduced into the chamber either by a collision type air-jet atomizer (TSI, Model 3076) 

or a single-jet atomizer (TSI, Model 9302) by atomizing a 0.02 M solution. The initial 

number concentration and mode are 11 × 104 − 16.7 × 104 particles cm-3 and 53 − 60 

nm, respectively.  

Various instruments sampled air from the chamber through a 30 cm long diffusion 

dryer filled with silica gel (Sigma-Aldrich) and Purafil (Thermo Scientific). Real-time size-

resolved mass distributions and chemical composition of SOA particles were measured 

using a mini-Aerosol Mass Spectrometer coupled with a compact time-of-flight mass 

spectrometer (mAMS, Aerodyne Research)27,43.  

A Scanning Electrical Mobility Spectrometer (SEMS, Brechtel Manufacturing Inc.) 

was used to determine the number concentration and size distribution of SOA particles in 

the size range of 10-800 nm. Sizing accuracy of the SEMS was determined to be ~±4% 

based on calibration with polydisperse polystyrene latex sphere standards (Polysciences, 

Inc.-Warrington, PA, U.S.A). Counting accuracy of SEMS was determined to be ~±10%. 

A Photoacoustic Extinctiometer (PAX, Droplet Measurement Technology) was utilized to 

measure the scattering and absorption coefficients of SOA particles at 1 Hz at 375 nm 

(ȕscat,375 and ȕabs,375). The detection limit defined as 2 times the standard deviation of 
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scattering and absorption measurements of filtered air averaged to SEMS time (140s) were 

~0.8 and ~1 M m-1, respectively. The uncertainties for scattering and absorption 

measurements have been estimated to be ~ ± 4.5% and  ± 6%, respectively.27 Table 1 

shows the summary of experimental conditions used in this work. 

 

 

Table 1: Initial Conditions for Experiments 

Hydrocarbon   HCo (ppb) Initial [NO2]/[O3]   Seed Aerosol   ρeff  (g/cc)  

FXUaQ 

FXUaQ 

FXUaQ 

Furfural 

FXUIXUaO 

Furfural 

TKLRSKHQH 

TKLRSKHQH 

P\UUROH 

P\UUROH 

1-PHWK\OS\UUROH 

1-PHWK\OS\UUROH 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 
 

0.1 

0.1 

0.3 

0.1 

0.1 

0.3 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 
 

No 

Yes 

No 

No 

Yes 

No 

No 

Yes 

No 

Yes 

No 

Yes 
 

1.43 ± 0.01 

1.42 ± 0.03 

1.37 ± 0.06 

1.48 ± 0.04 

1.45 ± 0.05 

1.31 ± 0.13 

1.08 ± 0.01 

1.53 ± 0.07 

 

 
 

 

 

2.2 Single Scattering Albedo and Mass Absorption Coefficient Calculations 
 
The single scattering albedo (SSA) at 375 nm was calculated by applying ȕscat,375 

and ȕabs,375 in eq 1.  
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 𝑆𝑆𝐴375 = 𝛽𝑠𝑐𝑎𝑡,375
𝛽𝑠𝑐𝑎𝑡,375+𝛽𝑎𝑏𝑠,375

                                                                                    (1) 

Since SSA depends on particle size and the measurement wavelength, it is useful 

to explore its dynamic as a function of size parameter (Į). Į is calculated by the aerosol 

mobility mode diameter of the size distribution (dm) measured by SEMS and the radiation 

wavelength used in PAX (Ȝ = 375nm), as shown in eq 2. 

    𝛼 =  గௗ೘
ఒ

                                                                                                                                     (2) 

SSA values are only reported in the non-seeded experiments and the propagated 

uncertainties for the calculated SSA were determined to be ~5-7% in different experiments. 

Mass absorption coefficient (MAC) is a critical parameter that can be used to characterize 

the optical properties of light-absorbing particles at a specific wavelength.44 Here, MAC at 

Ȝ=375 nm is calculated using ȕabs,375 obtained from PAX and the total aerosol organic mass 

concentration (MOA) as in eq 3. 

𝑀𝐴𝐶𝑜௥௚ = 𝛽𝑎𝑏𝑠,375
𝑀𝑂𝐴

                                                                                                      (3)       

The mass concentration of organic aerosol (MOA) can be calculated from the SEMS 

integrated volume concentration (𝑉𝑜𝑙𝑆ா𝑀𝑆) and 𝜌𝑒𝑓𝑓 in eq. 4. Using the integrated volume 

concentration from the SEMS minimizes the uncertainties in OA mass concentration 

calculations related to particles that bounce off of the AMS vaporizer before flash 

vaporization. 

 𝑀𝑂𝐴 = (1 − 𝑀𝐹௜𝑛𝑜௥௚) × 𝑉𝑜𝑙𝑆ா𝑀𝑆 ×  𝜌𝑒𝑓𝑓                                                                                  (4) 

Where 𝑀𝐹௜𝑛𝑜௥௚ is the mass fraction of the inorganic components relative to the total 

measured particle mass concentration. Given that the observed absorption characteristics 
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is specifically due to the presence of organic components in the aerosol, the volume and 

mass fractions of organics in aerosols should be determined in each experiment in order to 

accurately evaluate the optical parameters (i.e., 𝑀𝐴𝐶𝑜௥௚ and 𝑅𝐼𝑜௥௚). Effective density is 

determined by a parallel comparison of AMS mass distributions and SEMS volume 

distributions.45 AMS mass distribution is measured versus aerodynamic diameter (dva) 

while SEMS volume distribution is measured versus electrical mobility diameter (dm). 

Assuming particle sphericity, 𝜌𝑒𝑓𝑓 can be calculated from eq. 5. 

 𝜌𝑒𝑓𝑓 = ௗೡ𝑎
ௗ೘

𝜌0                                                                                                                        (5) 

Where 𝜌0 is unit density (1 g cm-3). In our studies, we determined time-dependent 

effective densities in both seeded and non-seeded experiments.  

Organic mass of aerosol is obtained from the sum of the AMS-measured organic 

species and organic fraction of nitrate, referred to as organonitrates (ON). Studies have 

shown that the nitrate portion of organic and inorganic nitrates mainly fragments to NO+ 

(m/z=30) and NO2
+ (m/z=46), and it has been observed that the fragmentation pattern (i.e.,  

𝑁𝑂+

𝑁𝑂2
+ ratio) of ON and inorganic nitrate compounds such as NH4NO3 are very different.46 

Fractional contribution of ON to total nitrate signal was calculated by x.46  

𝑥 =
(𝑅𝑜𝑏𝑠−𝑅𝑁𝐻4𝑁𝑂3)(1+𝑅𝑂𝑁)
(𝑅𝑂𝑁−𝑅𝑁𝐻4𝑁𝑂3)(1+𝑅𝑂𝑁)

                                                                                        (6) 

Where Robs is the observed [NO+]/[NO2
+] in the experiments, 𝑅𝑁𝐻4𝑁𝑂3is the measured 

[NO+]/[NO2
+] from the AMS ammonium nitrate calibrations (representing the inorganic 

nitrate contribution to total NO3
-)46, and RON is obtained from 𝑅𝑁𝐻4𝑁𝑂3 × 2.75.47 Once x 
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ratio is calculated, following equations are used to calculate the ON and inorganic nitrate 

mass concentration. 

𝑀𝑂𝑁 = 𝑥 × ሾ𝑁𝑂3
−ሿ                                                                                                                 (7) 

𝑀௜𝑛𝑜௥௚_𝑁 = ሾ𝑁𝑂3
−ሿ − 𝑀𝑂𝑁                                                                                                                       (8) 

Next, by assuming AMS-measured NH4
+ to be from inorganic components in the 

aerosols in both seeded and non-seeded experiments and SO4
2- species to be only present 

during the seeded experiments, the mass fractions (MF) of inorganic components relative 

to the total aerosol mass was calculated as follows. 

𝑀𝐹௜𝑛𝑜௥௚ =
ሾ𝑵𝑶𝟑

−ሿ𝒊𝒏𝒐𝒓𝒈+[𝑵𝑯𝟒
+]+ሾ𝑺𝑶𝟒

𝟐−ሿ
ሾ𝑶𝒓𝒈ሿ+[𝑵𝑶𝟑

−]+[𝑺𝑶𝟒
𝟐−]+ሾ𝑵𝑯𝟒

+ሿ
                                                                                                   (9) 

By calculating NH4
+ needed to fully neutralize the inorganic NO3

- (obtained from eq. 

8) and SO4
2-, we determined that the inorganic compounds in the particle phase were pure 

HNO3 (MW= 63 g mol-1, UNA= 1.51 g cm-3) in non-seeded experiments and (NH4)2SO4 

(MW= 132.14 g mol-1, UAS= 1.77 g cm-3) in seeded experiments. With the 𝑀𝐹௜𝑛𝑜௥௚ 

determined, the volume fraction of organics can be determined as follows.  

            𝑉𝐹𝑜௥௚ = 1 − 𝑀𝐹௜𝑛𝑜௥௚
𝜌𝑒𝑓𝑓

𝜌೔𝑛𝑜ೝ೒
                                                                                (10) 

 

2.3 Organosulfate (OS) Compounds in Thiophene Experiments 
 

Chen et al. proposed a method to apportion organic and inorganic components of 

sulfate species through investigating AMS-measured sulfate fragmentation patterns of 

organosulfates and inorganic sulfates.48 Among all the OS fragments produced through 

fragmentations, SO+, SO2
+, SO3

+, HSO3
+, and H2SO4

+ are the main ions and ∑ 𝐻𝑆𝑂 refers 
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to the sum of all the five ions. Smaller ions like SO+, SO2
+, and SO3

+ produced during OS 

fragmentations account for most of the ∑ 𝐻𝑆𝑂 signals whereas HSO3
+ and H2SO4

+ ions are 

only produced by AS. The fractions of HSO3
+ and H2SO4

+ (𝑓𝐻𝑆𝑂3 and 𝑓𝐻2𝑆𝑂4) ions (eq. 12-

13) provide the basis for distinguishing different types of sulfate-containing compounds.  

 ∑ 𝐻𝑆𝑂 = 𝑆𝑂+ + 𝑆𝑂2
+ + 𝑆𝑂3

+ + 𝐻𝑆𝑂3
+ + 𝐻2𝑆𝑂4

+                                            (11) 

 𝑓𝐻𝑆𝑂3 =  𝐻𝑆𝑂3
+

∑ 𝐻𝑆𝑂
                                                                                                    (12) 

𝑓𝐻2𝑆𝑂4 =  𝐻2𝑆𝑂4
+

∑ 𝐻𝑆𝑂
                                                                                                    (13)   

 Figure 2 shows the 𝑓𝐻2𝑆𝑂4 vs 𝑓𝐻𝑆𝑂3 obtained from AMS-measured sulfate signals 

during thiophene oxidation and pure AS sampling experiments. The green triangular point 

indicates the fragmentation values of OS standards obtained by Chen et al. from their 

laboratory studies while the red points indicate the range of values observed for pure AS. 

Presence of OS can be identified since inorganic AS and OS fall into different regions in 

the plot. During thiophene experiments, the 𝑓𝐻2𝑆𝑂4 vs. 𝑓𝐻𝑆𝑂3 values spread over a broad 

range, making it challenging to accurately attribute those fractions to OS compounds in the 

aerosol. However, since the 𝑓𝐻2𝑆𝑂4 vs 𝑓𝐻𝑆𝑂3 values for thiophene are extended towards the 

higher values similar to those of pure AS, we suspect most of the sulfate signal in thiophene 

experiments to be from oxidized sulfur/ inorganic sulfate compounds in the aerosols. Thus, 

MFinorg for seeded and non-seeded thiophene runs, were calculated using eq. 9.         
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                         Figure 2: 𝑓𝐻2𝑆𝑂4  vs 𝑓𝐻𝑆𝑂3  for Thiophene SOA, AS, and OS 

 

2.4 Refractive Index Calculations 
 

Refractive index (RI) of aerosols is an important parameter which defines the 

scattering and absorption characteristics of light and is a function of aerosol chemical 

composition. The complex RI (m=n+ik) consists of two components, a real component (n) 

and the imaginary component (k) that represent scattering and absorption, respectively. 

Several methods have been used to measure optical properties of aerosols in laboratory 

studies to derive refractive indices for SOA.49±51 Those studies have shown that n and k 

values of RI range from 1.3 to 1.6 and 0.0002 to 0.2, respectively.9 It has been estimated 

that k of the OA components of BB ambient aerosols (excluding BC) can reach up to 0.112 

at 400 nm.52 n and k values determine the scattering and absorption efficiencies (Qscat and 

Qabs) of aerosols when applying Mie theory and for calculating total scattering and 
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absorption coefficients. In order to apply Mie theory, we assumed particles are spherical 

and homogenous in composition across all sizes. Thus because of particle-size dependence 

condensation of organics in seeded experiments, the RI values are only reported for the 

non-seeded experiments.  n and k were retrieved by minimizing the difference between the 

measured and theoretical optical coefficients.5 Theoretical optical coefficient (Escat,theo and 

Eabs,theo) at 375 nm were calculated for a broad range of  n (1-1.8, at 0.01 increments) and 

k (0-0.05, at 0.001 increments) values, using the measured size distributions at times when 

the mode change between two consecutive SEMS runs was smaller than 10%. Calculated 

values of Escat,theo and Eabs,theo were then compared with the measured values of Escat,obs and 

Eabs,obs by PAX.  

ȕ scat or abs,theo = ∑ 𝑄ௗ௣,𝑒𝑛ௗ
ௗ௣,1 scat or abs (di , Ȝ, n, k) × Ni × 1

4
 × (ʌ × di

2)                                                 (17) 

Where dp,1 and dp,end are the smallest and the largest bin diameter, respectively. Ni 

is the number concentration of aerosols at size di. The input n and k values that minimized 

the merit parameter ǻ (HT. 18) ZHUH cKRVHQ aV aHURVRO¶V retrieved RI. 

∆= |(𝛽𝑠𝑐𝑎𝑡, 𝑜𝑏𝑠 −  𝛽𝑠𝑐𝑎𝑡, 𝑡ℎ𝑒𝑜)| + | (𝛽𝑎𝑏𝑠, 𝑜𝑏𝑠 –  𝛽𝑎𝑏𝑠, 𝑡ℎ𝑒𝑜)|                                   (18) 

The retrieved RI includes influence of both organic and inorganic species in the 

aerosols, thus the following equations were used to calculate the RI of the pure organic 

species in the aerosols (norg and korg)43.  

𝑛 = 𝑛௜𝑛𝑜௥௚ × 𝑉𝐹௜𝑛𝑜௥௚ + 𝑛𝑜௥௚ × 𝑉𝐹𝑜௥௚                                                               (19) 

𝑘 = 𝑘௜𝑛𝑜௥௚ × 𝑉𝐹௜𝑛𝑜௥௚ + 𝑘𝑜௥௚ × 𝑉𝐹𝑜௥௚                                                               (20) 
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  Where kinorg and ninorg are the RI values from HNO3, VForg and VFinorg are the 

volume fractions of organic and inorganic species, respectively, in the SOA. Note that kinorg 

is zero for HNO3.  
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CHAPTER III: RESULTS AND DISCUSSION 
 

In this project, optical properties and bulk SOA composition are observed under 

variable NOx/O3 conditions in non-seeded experiments where SOA production proceeded 

via nucleation and seeded experiments where condensation onto pre-existing aerosols was 

the main pathway toward SOA formation.  

 

3.1 Single Scattering Albedo (SSA) 
 

𝑆𝑆𝐴375 values as a function of size parameter and time for all non-seeded experiments 

are shown in Figure 3. Furfural SOA appeared to be the most absorbing among the five 

tested precursors, with an average 𝑆𝑆𝐴375 of 0.7 (higher bound, grey) with pyrrole and 

furan SOAs coming next with average 𝑆𝑆𝐴375 values of 0.8 and 0.84, respectively. 

Thiophene and 1-methylpyrrole SOAs were slightly absorbing with average 𝑆𝑆𝐴375 values 

of 0.96 and 0.97, respectively. SSA values for pyrrole and thiophene were similar to those 

observed by Jiang et al.5 Since SSA strongly depends on the actual size of the aerosols, 

once needs to compare its values between experiments and precursors at similar size 

parameters. For example, furfural and pyrrole SOA have different SSA values as a function 

of time, but as shown in Figure 3b, one of the furfural SOA has similar SSA values to 

pyrrole SOA at similar size parameters. In this context, and by projection to higher size 

parameter values for furan and furfural SOA, results indicate that the most absorbing SOA 

under low-NOx conditions was from pyrrole (SSA ~0.8) and the least absorbing SOA was 

from 1-methylpyrrole and thiophene (SSA ~0.95) while furan and furfural SOA are 

expected to have intermediate SSA values (~0.85-0.9). SSA as a function of size parameter 
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for furfural and furan under high-NOx experiments is shown in Figure 4. As observed in 

Figure 3b, furfural and furan experiments under low-NOx condition and their repeats 

showed different SSA values at the same size parameter. Only one experiment was 

conducted for furfural and furan under high-NOx condition, thus comparison and 

evaluation of NOx effect in these experiments were not possible and more experiments 

need to be performed. 

  

Figure 3: SSA a function of a) reaction time b) size parameter at 375 nm for all five precursors under low-NOx non-
seeded conditions. Open and closed markers represent the duplicate runs of the same condition.

 

Figure 4: SSA as a function of size parameter for furan and furfural under high/low NOx non-seeded conditions. 
Triangle and circular markers of same color represent the duplicate runs of the same condition. 
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3.2 Mass Absorption Coefficient (MAC) 

Values of MAC at 375 nm as a function of experiment time for furfural, furan, and 

thiophene are shown in Figure 4. In all experiments, MAC values were higher in the 

beginning and then decreased as oxidation progressed. In the later stages of the 

experiments, furfural showed the highest MAC value of ~0.4-0.5 m2 g-1 with furan SOA 

coming next with MAC values of ~0.2-0.3 m2 g-1 and thiophene SOA showed the lowest 

MAC of ~ 0.1 m2 g-1 (averaged) in the low-NOx, non-seeded conditions. MAC values for 

furfural and furan SOA in the high-NOx, non-seeded conditions were ~0.4-0.6 and ~0.15-

0.3 m2 g-1, respectively. MAC values observed in our high-NOx conditions are not 

significantly lower than those observed in low-NOx conditions at longer oxidation times 

considering the uncertainty of 22% in our MAC calculations. However, there appears to be 

a significant difference in MAC in early stages of oxidation of furfural, with lower values 

observed during the high-NOx conditions, suggesting the role of NOx in driving the 

formation of absorbing SOA in the beginning of the experiments. During the seeded 

experiments for both furfural and furan, lower MAC values of ~0.2-0.3 and ~0.1-0.2 m2 g-

1 were observed, respectively, suggesting formation of non-chromophoric SOA 

components in the presence of seed. In fact, absorption coefficients at 375 nm during 

seeded and non-seeded furan and furfural experiments were relatively similar, while a 

factor of two higher organic mass was formed during the seeded experiments, resulting in 

lower overall MAC values.     
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                 Figure 5: MAC vs experiment duration of a) Furfural-derived SOA b) Furan-derived SOA c) Thiophene-
derived SOA under non-seeded  low-NOx (green markers), seeded low-NOx (blue markers), and non-seeded high-NOx 
(red markers) experimental conditions. Open and closed markers represent the duplicate runs of the same condition. 

 

A parallel comparison of volume and mass distributions of pyrrole and 1-

methylpyrrole SOA in order to calculate their  𝜌𝑒𝑓𝑓 have shown a larger dm compared to 

dva (Figure 6a), suggesting formation of non-spherical particles during the seeded and non-

seeded experiments. To investigate the shape of the SOA particles formed in these 

experiments, TEM samples were collected during a non-seeded pyrrole experiment. The 

TEM image (Figure 6b) clearly shows presence of agglomerates of individual spherical 

SOA on the grid. Since the assumption of particle sphericity is needed for MAC calculation 

and RI retrievals (through applying Mie theory), we only investigated the chemical 

evolution of these experiments based on our AMS data. 
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Figure 6:Pyrrole SOA under low-NOx condition a) volume (SEMS) and mass distribution (AMS) 
comparison b) TEM images of pyrrole SOA particles 

 
Also, a parallel comparison of volume and mass distributions of thiophene non-

seeded experiment (𝜌𝑒𝑓𝑓 close to 1) suggest that thiophene SOA particles are likely to be 

non-spherical (Figure 7). Thus, our calculations for MAC for thiophene SOAs are 

susceptible to more uncertainties.  

 

 
Figure 7: Non-seeded thiophene SOA volume (from SEMS) and Mass (from AMS) distribution under low-NOx 

condition 

a b 
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3.3 Imaginary Component of RI 

Figure 8 represents the imaginary components of RI at 375 nm. Similar to MAC, k 

values were higher in the beginning of each experiment and decreased with oxidation. 

Higher k values for furfural ~0.04-0.02 (decreasing trend) compared to furan are consistent 

with its MAC values also being higher.  

 

Figure 8: korg at 375 nm retrieved for SOA from oxidation of furan and furfural at different NOx levels 

3.4 Bulk Composition of SOA 

To better understand the chemical evolution of SOA in different experiments that 

drive the differences in optical properties, high-resolution (HR) analyses of mAMS spectra 

were carried out.  

3.3.1 HR Families 

The evolution of the contribution of different HR families to the total SOA mass 

concentration as a function of time is shown in Figures 9-13. For both furan and furfural 

SOA, CxHxO+ components made up the highest fraction of total SOA mass with significant 

intensities at m/z=29 (CHO+), indicative of a carbonyl functional group. Another intense 

signal was observed at m/z=44 (CO2
+), which is a signature of organic acids. CxHxOz

+
 (z>1) 
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components showed a slightly increasing trend throughout the experiments and under 

different conditions, confirming additional formation of higher oxygenated products as 

experiments progressed. During the furfural seeded experiment, higher contributions of 

CxHxOz
+

 were observed contrary to the expectation, suggesting more oxygenated products 

were condensed onto seed particles compared to the nucleation experiments. Also, in 

furfural high-NOx experiments, a higher contribution of CxHyON+ species was observed 

with significant signals at m/z=86 (C3H6N2O+), m/z=100 (C5H10NO+), m/z=55 (C2HNO+), 

and m/z=54 (C2NO+). This trend is similar to trends observed for furan experiments during 

high and low NOx conditions. However, during low-NOx seeded and non-seeded conditions 

for furfural, CxHyN+ contributions to total SOA mass is higher than CxHyON+ species. NOx 

levels in furan experiments showed no effect on the generation of more or less nitrogen-

containing species.  It is important to note that furfural-derived SOA mass concentration 

in low-NOx seeded and non-seeded conditions were higher than high-NOx conditions, 

indicating the presence of more volatile oxidation products that did not condense onto 

aerosols when the NOx level was higher. SOA mass concentration for furan in all different 

conditions were relatively similar.  
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Figure 9: Time evolution of Cx+ (black), CxHy+ (green), CxHyO+ (purple), CxHyOz+ (pink), CxHyN+ (yellow), CxHyON+ 
(red), and CxHyOzN+ (blue) ion families for Furan-derived SOA under (a) Low-NOx, non-seeded, (b) Low-NOx, 

seeded, and (c) High-NOx, non-seeded conditions. 

 

Figure 10: Time evolution of Cx+, CxHy+, CxHyO+, CxHyOz+, CxHyN+, CxHyON+, and CxHyOzN+ ion families for 
Furfural-derived SOA under (a) Low-NOx, non-seeded, (b) Low-NOx, seeded, and (c) High-NOx, non-seeded 

conditions. 

 
Similar to furan and furfural experiments, CxHyO+ species contributed to the largest 

fraction of thiophene-derived SOA mass. SOA mass concentration for thiophene was 

higher during seeded experiments with an increasing trend in the contribution of CxHyOz
+ 

compounds. Also, slightly increased trend in the contributions of CxHyOzN+ and CxHyON+ 

species with respect to time can be indicative of higher condensation of nitrogen-containing 

compounds during seeded and non-seeded experiments of thiophene.  

a

 

b 

 

c 

 

a

 

b

 

c
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Figure 11: Time evolution of Cx+, CxHy+, CxHyO+, CxHyOz+, CxHyN+, CxHyON+, and CxHyOzN+ ion families for 
Thiophene-derived SOA under (a) Low-NOx, non-seeded, (b) Low-NOx, seeded. 

Pyrrole and 1-methylpyrrole SOA furmed in low-NOx seeded and non-seeded 

experiments showed a similar trend for different species. CxHyN+ and CxHyO+ species 

comprised the highest fractions with significant signals at m/z=27 (CHN+) while Cx and 

CxHyOzN+ (z>1) compounds for both precursors contributed to the lowest fractions of the 

total SOA mass. Both seeded and non-seeded 1-methylpyrrole experiments exhibit 

significant intensities at m/z=42 (C2H4N+) and m/z=41 (C2H3N+) which were not observed 

in pyrrole experiments. Increasing trends in the contribution of CxHyON+ and CxHyOz
+ 

species was observed for both precursors, indicating condensation of oxygenated species 

with experimental time.  

Overall, for all five precursors in this study, the most notable change is for 

CxHyON+ and CxHyN+ species which was higher in pyrrole and 1-methylpyrrole due to the 

molecular structure of both parent VOCs containing nitrogen. For all of the other VOCs, 

presence of these ion families is due to formation of organonitrate/nitroorganics.  

b

 

a
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It is important to note that by comparing trends in HR families and MAC time series 

in early stages of all the experiments, a decreasing trend in CxHyN+ family is observed 

which can be linked to the observed decreasing trend in the MAC in each experiment, 

suggesting that this family is likely the contributing chromophore in SOA particles in each 

experiment.  

 
Figure 12: Time evolution of Cx+, CxHy+, CxHyO+, CxHyOz+, CxHyN+, CxHyON+, and CxHyOzN+ ion families for 

pyrrole-derived SOA under (a) Low-NOx, non-seeded, (b) Low-NOx, seeded. 

 
Figure 13: Time evolution of Cx+, CxHy+, CxHyO+, CxHyOz+, CxHyN+, CxHyON+, and CxHyOzN+ ion families for 1-

methylpyrrole-derived SOA under (a) Low-NOx, non-seeded, (b) Low-NOx, seeded. 

b

 

a

 

b

 

a

 



  
 
 
 
 

26 
 

3.3.2 CO2 Fraction 

Previously, Lambe et al. observed that MAC values and imaginary component of 

refractive indices of SOA increased with increasing oxidation level and decreased with 

increasing wavelength.49  In our studies, to estimate SOA oxidation level to then evaluate 

its correlation with the observed MAC values, we explored the evolution of oxygenated 

organic aerosols (OOA) through investigating the contribution of the organic aerosol ion 

signal intensity at m/z=44 (CO2
+) normalized to the total signal intensity of SOA (f44) 

during the experiment.13,53 Previous studies have shown that more oxidized components, 

referred to as low-volatility OOA (LV-OOA), are characterized with higher f44 while less 

oxidized components, referred to as semi-volatile OOA (SV-OOA), have lower f44.12,13,53 

Evolution of the mass fraction of CO2
+ is shown in Figure 14. Both furfural and furan 

showed similar f44 during the non-seeded, low-NOx experiments, suggesting a similar 

degree of oxidation of organic aerosols due to the similarity of the parent molecules (Figure 

14a). In high-NOx experiments (Figure 14b), contrary to the low-NOx observations, f44 

decreased with SOA oxidation time from ~0.3 to ~0.23 and from ~0.3 to 0.2 for furan and 

furfural SOA, respectively. Under the low-NOx condition, thiophene showed the lowest 

f44 suggesting a significantly lower oxidation degree of SOA during non-seeded, low-NOx 

conditions. During seeded experiments, thiophene-derived SOA show higher f44, thus 

higher oxidation products formation compared to the non-seeded conditions. In contrast, 

seeded experiments led to lower f44 or lower LV-OOA products for furan while presence 

of seed did not affect the oxidation degree of products in furfural experiments.  
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Figure 14: Time series of mass fraction of CO2+ [m/z=44] a) for seeded and non-Seeded systems at low-NOx b) non-
seeded at high-NOx 

  
3.3.3 Organonitrate Fraction Time Series 

As discussed in previous section, [NO+]/[NO2
+] is higher for organic nitrates or 

nitroorganics than inorganic nitrates. For all experiments the RON was either 3.57 or 3.9, 

which is higher than the RAN obtained from atomizing pure ammonium nitrate into our 

AMS ( 1.36 ± 0.07). The ratio of organonitrate/nitroorganics ions to measured organics 

(fON) for all experiments is calculated from xሾ𝑁𝑂3
−ሿ

ሾ𝑂𝐴ሿ
 and is shown in Figure 15. The calculated 

fON slightly increased at the beginning and started to decrease as oxidation progressed under 

non-seeded low-NOx conditions for all three precursors. The decreasing trend for non-

seeded low-NOx and high-NOx is similar to the trend observed in the cRUUHVSRQGLQJ SOA¶V 

MAC values, suggesting that with decreased organonitrate/nitroorganic formation as SOA 

were being oxidized, less light-absorbing components were present in the aerosol phase. 

The calculated fON for furfural under non-seeded low-NOx condition was higher compared 
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to seeded or high-NOx conditions, indicating that the presence of NOx or seed did not 

increase the formation of organonitrates and/or nitroorganics for furfural SOA. Higher fON 

values for furfural in the latter stages of the experiments under low-NOx conditions 

compared to high-NOx is not consistent with the corresponding MAC values if 

organonitrate/nitroorganics were the dominant chromophores in this system; therefore, 

additional experiments need to be performed for a more definitive conclusion. An 

increasing trend was observed for fON for furfural and furan seeded experiments. Along 

with the increasing trend of f44, this suggests higher contribution of both oxygen-containing 

and nitrogen-containing products on seed aerosols as experiments progressed. The overall 

low MAC values in seeded experiments are consistent with the low fON values observed for 

these experiments. Furan SOA formed under high-NOx condition showed higher fON values 

while MAC was actually lower in these conditions. Therefore, more experiments need to 

be conducted to fully understand the relationship between fON and MAC values. Thiophene 

seeded experiments showed higher fON compared to non-seeded which is in accordance 

with the observed higher MAC values in the seeded experiments. Lower f44 and fON 

observed for thiophene non-seeded experiments suggest lower condensation of 

organonitrate/nitroorganics and oxygenated products into aerosol phase. However, seed 

particles in thiophene experiments have led to enhanced partitioning of light-absorbing 

compounds compare to non-seeded experiments. Overall, it is likely that there is a 

correlation between calculated fON and the observed MAC values, suggesting that lower 

contribution of organonitrate/nitroorganics can lead to lowered MAC in these systems. 

Additional experiments will improve confidence in these results. 
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Figure 15: Calculated RON of a) furfural b) furan c) thiophene as function of experiment duration under low-NOx 
seeded/non-seeded and high-NOx conditions 

 
3.3.4 Organosulfur Compounds in Thiophene 

There is an increasing evidence that organosulfates (OS) in SOA contribute to light 

absorption.54±56 However, high level of uncertainty remains in the identification and 

quantification of OS. Figure 16 shows the time series of SOx
+ (SO2

+, SO3
+, HSO3

+, and 

H2SO4
+) ions ratios over SO+ ion for thiophene and pure AS. As discussed previously, 

smaller ions like SO+, SO2
+, and SO3

+ are the dominant fragments during OS 

fragmentation. With oxidation of thiophene, SO3
+, HSO3

+, and H2SO4
+

 ratios increased 

suggesting formation of oxidized sulfur and/or inorganic sulfates as oxidation progressed.  

It is important to note that the fraction of CxHySOz
+ (dominated by CHS+ and C2H2S+) over 

the total OA mass also increased with oxidation, accounting for ~14% and ~23% of the 

total OA mass at the peak for non-seeded and seeded experiments, respectively (Figure 

17). Detection of organosulfur fragments in mAMS was consistent with results from Filter 

Inlet for GAses and AEROsols coupled to a chemical ionization high-resolution time-of-

flight mass spectrometer (FIGAERO-CIMS) which also showed trace amounts of 

organosulfur compounds present in the aerosol phase (e.g., C4H3NO4S and C4H5NO7S). 
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However, in both of these observations, source of sulfur is likely thiophene itself, but more 

investigation on the structure of these compounds is needed to differentiate between 

organosulfur vs. OS species. 

 

 
Figure 16: Comparison of SOx+/SO+ ratios in a) thiophene and b) pure ammonium sulfate (AS)                 

 
Figure 17: fractional Contributions of CS Family to OA Mass in seeded and non-seeded thiophene experiments 

 
 

 

Thiophene 
a b Pure AS 
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CHAPTER IV: CONCLUSIONS 

 
In this study, we observed different optical properties and chemical compositions 

for the SOA formed from oxidation of unsaturated heterocyclic compounds in the presence 

of NO3 radicals in the dark. Our analysis reveals that organonitrates/nitroorganics are 

formed, potentially leading to the formation of light-absorbing secondary BrC. Among all 

the precursors and at large size parameters, pyrrole- derived SOA formed under low NOx, 

non- seeded conditions showed the lowest SSA while 1-methylpyrrole and thiophene 

showed the highest. Furfural and furan had intermediate SSA values.  The difference in 

SSA for pyrrole and 1-methylpyrrole can be due to the presence of the methyl group which 

can make 1-methylpyrrole undergoing different chemistry when reacting with NO3 

radicals. Among furfural, furan, and thiophene, furfural-derived BrC generated in low and 

high NOx seeded and non-seeded conditions showed the highest MAC and k values, 

confirming the formation of more light-absorbing compounds. Due to the non-spherical 

shape of the particles formed from pyrrole and 1-methylpyrrole, we could not evaluate their 

MAC and k parameters. In high-NOx condition, furan SOA showed higher k that confirms 

a higher contribution of or presence of more light-absorbing species within the aerosols. 

Both furan and furfural SOA formed in seeded experiments had lower MAC compared to 

the non-seeded experiments, which suggests a relatively lower contribution of BrC species 

to SOA in the presence of seed particles. Thiophene seeded experiments on the other hand 

showed higher MAC especially in the early stages of the experiments, likely due to higher 

contributions from organonitrates/nitroorganics and organosulfur compounds. 
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