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Environmental Significance 

Wildfires are a major and potentially growing impact on atmospheric composition, air quality, and 
climate. The large emissions of reactive trace gases, such as nitrogen oxide radicals, halogens, and 
particulate matter make the chemical evolution of wildfire smoke both fascinating and also 
necessary to understand the subsequent downstream impacts on secondary pollutants that impact 
human and ecosystem health as well as Earth’s energy balance.
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Abstract
We examined the reactive uptake of dinitrogen pentoxide (N2O5) to authentic biomass-
burning aerosol (BBA) using a small chamber reservoir in combination with an entrained 
aerosol flow tube. BBA was generated from four different fuel types and the reactivity of 
N2O5 was probed from 30 to 70% relative humidity (RH). The N2O5 reactive uptake 
coefficient, γ(N2O5), depended upon RH, fuel type, and to a lesser degree on aerosol 
chloride mass fractions. The γ(N2O5) ranged from 2.0 (±0.4) x10-3 on black needlerush 
derived BBA at 30% RH to 6.0 (±0.6) x10-3 on wiregrass derived BBA at 65% RH. 
Major N2O5 reaction products were observed including gaseous ClNO2 and HNO3 and 
particulate nitrate, and used to create a reactive nitrogen budget. Black needlerush BBA 
had the most particulate chloride, and the only measured ClNO2 yield > 1%. The ClNO2 
yield on black needlerush decayed from an initial value of ~100% to ~ 30% over the 
course of the burn experiment, suggesting a depletion of BBA chloride over time. Black 
needlerush was also the only fuel for which the reactive nitrogen budget indicated other 
N-containing products were generated. Generally, the results suggest limited chloride 
availability for heterogeneous reaction for BBA in the RH range probed here, including 
BBA with chloride mass fractions on the higher end of reported values (~17-34%)(1,2). 
though less than sea spray aerosol, ~50%(3). We use these measured quantities to discuss 
the implications for nocturnal aerosol nitrate formation, the chemical fate of N2O5 (g), 
and the availability of particulate chloride for activation in biomass burning plumes. 

1. Introduction
Biomass burning (BB) is a global scale phenomenon with a natural component 

that is expected to increase in frequency and intensity with a warming climate(4). BB 
represents a significant source of aerosol particles and reactive nitrogen that influence air 
quality and climate(5–7). Nitrogen oxide radicals (NOx = NO + NO2) are produced by the 
medium temperature combustion of the biomass that liberates nitrogen contained in the 
fuel(8,9). NOx has a crucial role in regulating the troposphere’s oxidizing capacity(10–
12). Biomass-burning aerosol (BBA) is also a potentially large inland source of 
particulate chloride(1,13–15), which if activated into photolabile chlorine-atom reservoirs 
could have an additional impact on the regional oxidant budgets rarely incorporated in 
studies of BB effects on atmospheric chemistry(16). A major type of biomass fuel burned 
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in North America and globally are tall grasses and shrubs, which also tend to have higher 
chloride concentrations than other types of flora(17–19). BBA derived from natural flora 
are reported to have mass fractions of chloride between 0 and 34%, and the fuels selected 
for this study reflect the extent of this range(2).

At night, NO2 reacts with O3 to form NO3 (g), which subsequently reacts either 
with certain volatile organic compounds (VOC) or NO2, the latter reaction producing 
dinitrogen pentoxide, N2O5, the mechanism of which is described here (12,20,21). In the 
absence of reactions on aerosol particles, N2O5 extends the lifetime of NOx until sunrise 
when NO3 photolysis and reaction with NO causes the loss of N2O5 via thermal 
equilibrium. N2O5 reactions on aerosol particles are known to produce HNO3 and nitryl 
chloride, ClNO2, among other possible products(22,23). ClNO2 promptly evaporates 
following aerosol-phase production, and photolyzes the subsequent day to release a 
chlorine atom while recycling NOx. Cl atoms react rapidly with methane and other 
hydrocarbons(24–27) and NOx regulates HOx abundance. As such, ClNO2 production 
contributes to the oxidizing capacity of the atmosphere.  A common mechanism for N2O5 
multi-phase chemistry is summarized in R1 – R8, and the relevant overall reaction in R9: 

NO2(g) + NO3(g)  N2O5(g) [R1]
N2O5(g)  N2O5(p) [R2]
N2O5 (p)  NO3

- (aq) + NO2
+(aq) [R3]

NO2
+(aq) + H2O(p)  H+(aq) + HNO3(aq) [R4]

NO2
+(aq) + Cl-(aq)  ClNO2(aq) [R5]

NO2
+(aq) + X(aq)  Products [R6]

ClNO2(aq)  ClNO2(g) [R7]
ClNO2(g) + h  Cl(g) + NO2(g) [R8]
N2O5(g) + particles  ϕClNO2 + (2- ϕ) HNO3 [R9]

The above mechanism is a summary of insights developed from experiments 
demonstrating that multiple aerosol properties affect N2O5 reactive uptake kinetics and 
product yields, and the branching ratio between ClNO2 and HNO3 production, denoted as 
ϕ. X (R6) represents species other than H2O and Cl-, such as iodide and phenols, which 
can react with the short-lived NO2

+ intermediate in tropospheric aerosol particles.  First, 
in cases of low relative humidity, lower liquid water content reduces the rate of N2O5 

reactive uptake, presumably at the ionization step to form a hydrated NO2
+ 

intermediate(28,29). This reduction in rate also applies for solid particles devoid of liquid 
water(30). Second, nitrate in the particle can reduce the net reactive uptake of N2O5 by an 
order of magnitude through what is known as the nitrate effect (R3)(31–33). Third, 
particulate chloride can enhance N2O5 uptake, potentially canceling the nitrate 
suppression effect(33), and leading to ClNO2 formation at the expense of inorganic 
nitrate formation. The ratio of reaction rates for the NO2

+(aq) intermediate with Cl- 
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relative to H2O, k5/k4, has been found to range from ~500 to 800(33–35). Additionally, 
organic carbon coatings on aerosol particles reduce N2O5 uptake, most likely because 
they reduce the available water in the surface region of the aerosol, limiting the N2O5 

ionization rate (R3), as well as its solubility and diffusivity through the particle(36,37). 
The yield of ClNO2 can also be affected by aerosol composition, namely due to 

competition between the chloride and other nucleophiles that react with the NO2
+ 

intermediate from N2O5 hydrolysis(33,38,39). To date, the formation rates of only HNO3 
and ClNO2 have been quantified, while nitration of condensed phase organics has been 
identified but the rate (and thus yield) remain uncertain for atmospheric aerosol(38,39). 
As noted in Thornton et al. (2003), the above sequential steps may well occur as a 
concerted one-step process where the transition state is a hydrated (or otherwise 
stabilized) N2O5 interacting with a nucleophile such as H2O or Cl-(29). 

Additionally, another pathway through which chlorinated species may partition in 
and out of the aerosol is by acid displacement of Cl- as HCl (g)(40). HCl equilibrium 
partitioning to aerosol particles is set by aerosol water content and pH, and in the gas-
phase, HCl can be oxidized by hydroxyl radicals (OH) to generate chlorine atoms(41). 
For biomass burning, the presence of nitric acid (HNO3) produced by NOx oxidation, e.g. 
(R4), could contribute to this acid-displacement chemistry(42). Similar chloride depletion 
has been observed in wildfires smoke influenced aerosol(15) and in our previous smog 
chamber experiments using authentic BBA(14). 

The extent of heterogeneous and multiphase chemical processing that occurs in 
authentic BBA is largely unexplored and thus highly uncertain. The above drivers of 
N2O5 reactant and ClNO2 or other product formation are essentially all present within 
BBA due to the significant production of nitrogen oxides from the fuel(6,9). BBA from 
certain fuels are rich in inorganic chloride(1,17,18), yet always contain a significant 
fraction of organic material which can potentially reduce N2O5 reactivity by lowering the 
overall liquid water content or availability(37), or be potential sites for N2O5 reaction via 
organic nitration. The high concentrations of VOC emitted also provide a large potential 
sink for the NO3 radical that could inhibit the production and fate of N2O5(6,17,18). Since 
NO3 is in thermal equilibrium with N2O5 (R3), reaction between the nitrate radical and 
VOCs can also deplete N2O5 that does form, without going through the aerosol reactive 
uptake pathway. However, in our prior chamber experiments simulating nocturnal 
chemistry of authentic BB smoke from various fuels, N2O5 was always produced 
immediately following the addition of moderate levels of ozone(14). This indicates that 
enough NOx and NO3 remain in the diluted nascent smoke to produce N2O5, despite the 
large volatile organic component sink. In one study using ambient, aircraft measurements 
over the Southeast U.S. from the SENEX campaign, reaction of the nitrate radical with 
VOCs in a biomass burning plume were estimated to account for >99% of the NO3+N2O5 
loss(8). 
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Observations of ClNO2 inland(43,44) suggest the potential for particle chloride 
sources other than sea spray participating in reactive chlorine cycling. As biomass-
burning plumes contain the precursors necessary for ClNO2 formation, they are good 
candidates to be studied in this regard(45). Moreover, improving poorly constrained 
interactions between BBA and NOx, specifically by constraining the reactivity of N2O5 
on BBA and the associated products, can therefore aid predictions of BBA chemical 
evolution and corresponding impacts on oxidative capacity, BBA optical properties, 
toxicity, hygroscopicity, and pH(46–50). In our prior chamber experiments, Ahern et al. 
demonstrated that nocturnal processing of biomass burning aerosol could produce N2O5 
and then ClNO2 with up to a 10% N2O5 to ClNO2 conversion process and observed 
incomplete displacement of particulate chloride(14). 

The experimental challenges of using authentic BBA to study N2O5 uptake 
kinetics and product yields on BBA have resulted in a gap in the literature for this type of 
experiment. Proxy aerosol composed of only organic components have typically been 
used to represent authentic BBA, which is different in composition and 
morphology(29,39,51). N2O5 reactive uptake kinetics are nonlinearly suppressed by the 
presence of organics or nitrate, or enhanced by chloride or particle liquid water content, 
so simple BBA proxies would potentially lead to results that do not accurately represent 
authentic BBA(27,33,37,52) that contains a complex mixture of black carbon, soot, 
minerals, inorganic salts, and organic carbon that are inhomogenously distributed at the 
single-particle level(53–57). Furthermore, particle composition, mixing state, and 
morphology vary between individual particles, fuel sources, combustion conditions, and 
extent of atmospheric processing(1,7,17,18,58,59). Herein, we describe the results from 
the first experiments to determine N2O5 reactive uptake and ClNO2 production in 
authentic fresh BBA from a range of fuel types and at different RH, using an entrained 
aerosol flow reactor. 

2. Experimental Methods
The experimental apparatus consisted of four components: a burn area and smoke 
reservoir, an N2O5 generation unit, an entrained aerosol flow reactor, and gas and particle 
characterization instruments. A schematic is shown in Figure 1.
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Figure 1. Entrained aerosol flow reactor schematic for biomass-burning aerosol kinetics experiments. The apparatus 
combines a combustion facility coupled to a Teflon reservoir chamber for the BBA, followed by an entrained aerosol 
flow reactor coupled to N2O5 (g) synthesis and delivery, and trace gas and particle sampling instrument.

2.1 Fuel Combustion
Four different fuel types were combusted: saw palmetto (Serenoa repens), 

wiregrass (Aristida stricta), black needlerush (Juncus roemerianus), and longleaf pine 
needles (Pinus palustris). The first three are grasses common to the southeastern U.S., 
and the longleaf pine is one of the major pine species in the southeastern U.S(2).  Only 
smoke produced during the flaming stage was sampled into the smoke reservoir chamber. 
The saw palmetto and wiregrass were collected at Okefenokee National Wildlife Refuge 
in Georgia, the black needlerush was collected at Alligator River National Wildlife 
Refuge in North Carolina by students from Carnegie Mellon University, and the longleaf 
pine needles were purchased from an individual seller in Georgia. In these experiments, 
each fuel type was dried and stored in the open air in a clean lab space until use. The burn 
area and the dilution chamber were enclosed, without lights. Approximately 80 to 125 g 
of dried fuel were combusted for each experiment.

Figure 2. Biomass-burning aerosol non-refractory chemical composition (left) for the four biomass fuels studied 
here. The average composition shown here was determined with the SP-AMS at low RH, before addition of N2O5. 
Right: example aerosol surface area size distribution of wiregrass BBA at low RH (37%). The distributions shifted 
slightly over the course of each experiment, with the surface area mean diameter increasing about 15%.
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2.2. BBA Generation, Delivery, and Characterization 
Biomass fuel was combusted in a partially enclosed galvanized steel pan and the 

resulting emissions were passed through a Dekati educator diluter, which sent a portion 
of the smoke – including gas and particles – into one of the Carnegie Mellon University 2 
m3 PTFE smog chambers(14,49,60). The chamber was equipped to chemically process or 
physically age the combustion emissions under a myriad of conditions, including UV 
radiation. In this case, the chamber was used as a smoke reservoir to deliver a more 
constant BBA source to the entrained aerosol flow reactor. The chamber was kept dark to 
preserve the conditions of nocturnal chemistry. Between experiments when not in use the 
chamber was continuously exposed to UV lights and flushed with clean air, free of VOCs 
and particles. New experiments were not conducted until particle number concentrations 
reached <10 cm-3 between experiments. The flow reactor apparatus was continuously 
flushed with clean air between experiments as well, and pre-experiment sampling from 
the flow reactor confirmed the system had been flushed thoroughly. Had N2O5 
concentrations decreased over the course of the experiment, it could have been concluded 
that the flow tube was taking up BBA on its walls, but this was not observed.

After filling the chamber to an aerosol mass concentration of 200-250 µg/m3 

(estimated by the SMPS), 2 standard liters per minute (slpm) of BBA was continually 
drawn from the smoke chamber through the flow reactor by the combined 
instrumentation sampling from the flow tube. Between the chamber and the flow reactor, 
the aerosol transfer tubing was such that large particles (> 2 m aerodynamic diameter) 
were impacted prior to or settled out of the flow reactor, leaving an authentic size 
distribution of BBA. Before reaching the flow reactor, the smoke-laden flow passed 
through a Purafil permanganate denuder and then a charcoal denuder to remove any NOx 
and VOCs, respectively, which could otherwise influence the N2O5 concentration in the 
flow reactor. The scrubbing efficiency of these denuders were checked in separate 
experiments using a commercial NOx monitor (Advanced Pollution Instrumentation, Inc. 
Model 200A, limit of detection 4 ppb) and a PTR-MS (Ionicon Analytic GmbH, limit of 
detection ~500 ppt with dependence on m/z) to measure VOCs. The scrubbing 
efficiencies were > 90% for NOx and > 95% for VOCs. Finally, before entering the flow 
reactor the smoke was humidified to either 30-40% or 60-70% relative humidity (RH) in 
a section of copper tubing prior to the kinetics flow reactor; an RH probe (Vaisala 
HMP233) was used to periodically check the RH at the end of the reactor.

BBA number size distributions and BBA bulk chemical composition were 
continuously measured at the exit of the flow reactor during an experiment using a 
Scanning Mobility Particle Sizer (SMPS; 3082 DMA and 3775 CPC, TSI Inc.) and a 
Soot-Particle Aerosol Mass Spectrometer (SP-AMS) with a standard inlet with a reported 
transmitted size range of 50-700 nm(61), respectively. Periodically the aerosol size 
distribution and composition were measured at the flow tube entrance for comparison. 
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Typical aerosol size distributions and non-refractory chemical composition from 
experiments at low RH are shown in Figure 2. While the IR laser in the SP-AMS was 
switched on and off in some experiments, to increase the number of measurements 
available we focused on IR-off mode measurements, that measure the non-refractory 
aerosol components and not black carbon/soot. BBA surface area concentrations in the 
flow tube typically ranged from 0.5 to 2.0 x104 µm2 cm-3, and generally decreased with 
time throughout the experiment as the smoke dilution chamber was depleted and 
diminished in volume. Aerosol settling along with wall losses likely contributed to 
diminishing concentrations in the chamber as well. Independent of fuel type, organics 
dominated the non-refractory mass of BBA studied throughout the course of their 
evolution (Table 1). Sulfate, ammonium, and chloride (contributions from both inorganic 
chloride salts and organic chlorine) tended to be less than 10% of BBA particle mass. 

2.3. N2O5 Generation & Calibration
The online N2O5 source used in these experiments is the same as that described in 
Bertram et al(33). NO2 from a calibrated cylinder (10 ppm NO2 in N2, purchased from 
Valley National Gases, labeled as a certified mixture) reacted with an excess of ozone in 
a fixed volume to produce a steady-state source of N2O5(g) through (R1). The 

Table 1. Experimental conditions, aerosol composition, and derived N2O5 reaction probability ((N2O5)) 
and ClNO2 product yield (ClNO2) for entrained aerosol flow reactor experiments on BBA under low or 
high RH conditions. The uncertainty (2) reported here refers to the variability over the course of the 
experiment. The propagated measurement uncertainty is ±30% within an order of magnitude. The resulting 
non-refractory BBA composition as measured by an Aerodyne Aerosol Mass Spectrometer pre-experiment, 
before exposure to N2O5 (g), is listed in units of µg m-3. The mass fractions of species are written as 
percentages in parentheses. The calculated values of (N2O5) and (ClNO2) account for the diminishing 
concentrations measured over the course of the experiment.

BBA Fuel or  
Particle Type

RH 
(%)

Organics [µg 
m-3] 

(mf %)

Nitrate 
[µg m-3] 
(mf %)

Sulfate 
[µg m-3] 
(mf %)

Ammonium 
[µg m-3] 
(mf %)

Chloride 
[µg m-3] 
(mf %)

(N2O5) 
(2) x10-3

ClNO2 
(2) 
(%)

Saw Palmetto 40 48 (75%) 2 (3.1%) 1.7 (2.7%) 1.3 (2.0%) 11 (17%) 3.2 (0.4) < 1 (2)

Saw Palmetto 60 49 (72%) 1.7 (2.5%) 2.6 (3.8%) 1.7 (2.5%) 13 (19%) 3.6 (1) < 0.5 
(1.5)

Wiregrass 37 85 (93%) 1.1 (1.2%) 2 (2.2%) 0.4 (0.4%) 3 (3.3%) 2.8 (0.6) ND
Wiregrass 60 29 (89%) 0.9 (2.8%) 0.6 (1.8%) 0.2 (0.6%) 2 (6.1%) 6 (0.6) ND

Black 
Needlerush 34 68 (56%) 7.3 (6%) 9.2 (7.5%) 2.6 (2.0%) 35 (29%) 2.1 (0.4) 6 (2)

Black 
Needlerush 76 135 (75%) 5.4 (3.0%) 9.3 (5.1%) 1.9 (1.1%) 29 (16%) 4.1 (0.2) 50 (9)

LL Pine 
Needles 30 77 (95%) 0.8 (1.0%) 1.2 (1.5%) 0.2 (0.3%) 2 (2.5%) 3.2 (0.4) ND

LL Pine 
Needles 76 126 (96%) 1.2 (0.9%) 1.2 (0.9%) 0.5 (0.4%) 3 (2.3%) 2.5 (0.4) ND
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concentration of N2O5 in the flow reactor was typical of other studies of N2O5 reactive 
uptake but potentially an order of magnitude higher than what might be found in BB 
plumes at night(8). Online sampling of the trace gas species near a fresh, authentic plume 
is logistically difficult and observed values are limited. The amount of N2O5 produced 
was calibrated previously using a cavity ring down spectrometer three months before 
experiments were performed(62,63). ClNO2 for calibration was produced using the N2O5 
generator and passed over a neutral pH aqueous NaCl salt bed where a unit conversion of 
N2O5(g) to ClNO2(g) is assumed(24,34,35,64,65). A small amount of HNO3 was 
produced, on order of 100 pptv, which is near impossible to avoid in the humid 
environment of the salt slurry, and biases our calibration factor low by 8%, within the 
magnitude of measurement error. For calibration of the CIMS measurement of N2O5 or 
ClNO2 the generated outflow was directly sampled at the CIMS inlet.

2.4. Entrained Aerosol Flow Reactor Apparatus
The aerosol flow reactor apparatus consisted of a 90 cm long pyrex tube with an 

inner diameter of 9 cm, the inner walls of which were coated with halocarbon wax(37). 
At the flow tube entrance, BBA from the chamber and N2O5 entered through separate, 
orthogonal 1 cm O.D. ports. Just upstream of the flow reactor entrance were the 
denuders, then the RH conditioning tube, and then a Teflon membrane filter unit. The 
aerosol flow drawn from the chamber either passed through the filter, to remove BBA, or 
bypassed the filter through a separate tubing line to allow BBA to enter the flow reactor. 
A total flow rate of 2.0 slpm from the combined instrumentation was used to draw BBA 
from the chamber through the flow reactor. The residence time in the flow tube was 2 
minutes with a Reynolds number of 32 indicating laminar flow. The reactor was 
maintained at room temperature and atmospheric pressure. 

2.5. Gas-phase Measurements
Throughout the experiment, commercial chemiluminescence and UV absorption 

instruments continuously monitored NOx (Advanced Pollution Instrumentation, Inc. 
Model 200A) and O3 (Dasibi Environmental Corp. Model 1008-PC). An HR-LToF-CIMS 
using iodide adduct ionization allowed for the monitoring of HCl, HNO3, N2O5, and 
ClNO2, among other gases. The CIMS was calibrated for HCl and HNO3 via permeation 
tubes that had been continuously heated to 40 ◦C with air flowing over them, measured 
and weighed over the course of the year preceding the experiment. The output of the 
N2O5 generator was calibrated prior to the campaign as described in Lee et al(65). The 
sampling and ionization region was similar to that described by Lee et al(66), while the 
LToF-MS (Tofwerk AG) provides mass resolving power (m/m) of ~ 10,000. Iodide ions 
are generated by flowing trace methyl iodide vapor from a permeation tube in dry N2 
through a 210P 10 mCi radioactive source. All trace gases reported here were detected as 
the corresponding cluster with iodide. As the clustering efficiency is known to scale 
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9

nonlinearly with water vapor, the flow into the CIMS inlet was supplemented with a 
humidified flow to keep the relative humidity constant in the ion molecular region. The 
CIMS ion signal was calibrated versus the concentration of N2O5 or ClNO2 using the 
calibrant generation described above. Further details regarding CIMS operation are found 
in Ahern et al(14).

2.6 Determination of khet, γ, and  
The rate of change of N2O5 and products such as ClNO2 and HNO3 due to N2O5 

reactive uptake to BBA can be described by equations 1 to 3:

 [1]

 [2]

 [3]

This system assumes the only reaction products are ClNO2 and HNO3, and thus  
represents the branching between these two products. The pseudo-first order reaction rate 
constant due to reactive uptake of N2O5 to BBA, khet, can be written as equation 4, 
assuming minimal mass transfer limitations due to gas-phase diffusion, which is the case 
for the uptake efficiencies and particle sizes in these experiments(67,68).

 [4]

In equation 4, (N2O5) is the heterogeneous reaction probability,  is the mean molecular 
speed of N2O5, and Sa is the aerosol particle surface area per volume of air (cm2 cm-3). 
Experiments were conducted using this simple framework in order to determine values of 
(N2O5) and (ClNO2). 

The kinetic parameters khet and subsequently (N2O5) were determined using the 
particle modulation technique described in Bertram et al(33). In this approach, interaction 
time between N2O5 and BBA is fixed, and N2O5 delivery is constant, while particle 
surface area in the flow reactor is periodically modulated between nearly zero to greater 
than ~ 2 x 103 m2 cm-3 by means of a Teflon filter and filter-bypass between the smoke 
reservoir chamber and flow reactor (see Figure 1). While the filter was bypassed, BBA 
and any residual vapors making it through the denuders entered the flow reactor, and the 
N2O5 signal decreased. While the particle filter was inline, only the vapors passing 
through the denuders entered the flow reactor, and the N2O5 signal typically increased to 
a new steady-state concentration. The observation that N2O5 concentrations were higher 
while the aerosol surface area was near zero with the filter inline was consistent between 
all experiments. 

Using the known residence time in the flow reactor (t), and the assumption that 
N2O5 reaction on the walls and aerosol particles is first-order, then the log of the 
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difference between N2O5 concentrations with and without aerosol particles present is 
proportional to khet:

khet = –(1/Δt) ln([N2O5]w/particles/[N2O5]wo/particles) [5]

The (N2O5) can then be calculated by using the simultaneous observations of the 
BBA size distribution to obtain particle surface area concentrations, Sa using equation 4. 
Thus, (N2O5) is obtained by a linear fit of the khet values plotted versus Sa. The 
uncertainty in (N2O5) was obtained by taking into the account the variance of Sa and khet 
(via equation 4) and calculating the possible upper and lower limit from the observed 
variable range.  For the small particle sizes (< 1µm) and generally small reactive uptake 
coefficients measured in our study, gas-phase diffusion is not a limitation in these 
experiments even at atmospheric pressure(26). The (N2O5) derived is a value based on 
bulk reactivity. While a study as a function of aerosol size is warranted, it wasn’t feasible 
with this apparatus due to limited concentrations of BBA.

To determine the ClNO2 yield, , ClNO2 produced by N2O5 reaction on particles 
needs to be distinguished from ClNO2 produced by reactions that occur on the flow 
reactor walls. Assuming the production efficiency of ClNO2 at the reactor wall is constant 
and not dependent on the presence or absence of BBA in the flow reactor, we determined 
a ClNO2 wall production efficiency using the observed ratio of ClNO2/N2O5 when the 
particle filter was inline. Our assumption is supported by the fact that the background 
ClNO2 in the absence of BBA is relatively constant across particle modulations. The 
wall-produced ClNO2 is then subtracted from the total observed ClNO2 concentration 
with BBA present to determine the ClNO2 produced from the BBA only. The (ClNO2) 
is then the ratio of ClNO2 mole fraction produced on BBA (ClNO2) to the N2O5 mole 
fraction having reacted on BBA (N2O5):

 ClNO2 = ClNO2/Δ N2O5 [6]

 We scale the ClNO2 mass spectral signal by a factor of 1.5 ± 0.07 relative to the N2O5 
signal to account for a lower instrument response per mole of ClNO2 as determined by 
CIMS calibrations performed immediately following the experiments. 

2.7 Control Experiments
Control experiments were conducted to validate the heterogeneous kinetics 

obtained from the experimental apparatus. First, we used deliquesced ammonium 
bisulfate (ABS) aerosol particles at 55% RH, on which the reactive probability of N2O5 
has been well documented(31–33) in place of BBA. An ABS solution in milliQ water 
was atomized and passed through the RH conditioning tube at 55% RH, and then into the 
flow reactor, downstream of the smoke chamber but upstream of the impactor and gas 
scrubbers. The size distributions of ABS particles were similar to those obtained in the 
flow reactor during the biomass burning experiments, with a geometric mean diameter of 
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205 ± 30 nm and initial concentration of 2.3  102 µg/m3. The reaction probability of 
N2O5 on the ABS aerosol (0.009 ± 0.004) was determined using the same perturbation 
method described above within literature values reported (0.005-0.03)(33).

Additional controls were conducted during the BBA reactive uptake experiments. 
We periodically stopped the delivery of N2O5 to the flow reactor and used the CIMS to 
determine reactor background concentrations of products such as HNO3 and ClNO2. We 
also routinely sampled BBA at the entrance and exit to the flow reactor with the SP-AMS 
to evaluate BBA losses through the flow reactor, which were negligible.

3. Results and Discussion
3.1 Biomass-Burning Aerosol Composition & Reactivity

The concentrations of the non-refractory particulate components measured by the 
SP-AMS between biomass fuel types are shown in Table 1 and the component mass 
fractions are displayed in Figure 2. Due to the authenticity of the fuel, the aerosol 
concentrations of individual species vary from burn to burn, and the mean value across 
experiments of the same fuel type is used in the following discussion. Saw palmetto and 
black needlerush were considered the high chloride aerosol species with mass fractions of 
18 and 22% respectfully, while wiregrass and longleaf pine needles had chloride mass 
fractions of 4.7 and 2.4%. These chloride fractions are all within the range reported in 
McMeeking et al. (2009) and Levin et al. (2010)(1,2), except for black needlerush in our 
experiments which contained more chloride, perhaps due to the location where it was 
collected in coastal North Carolina. Black needlerush as well had the highest fractions of 
particulate nitrate (4.5%) and sulfate (6.3%), greater by nearly a factor of four compared 
to the three other fuel types, while also containing the least organic carbon by mass 
fraction. Wiregrass and longleaf pine needles were dominated by the organic components 
with mass fractions of 91% and 95%. 

An example time series of reactants and products are shown in Figure 3 from an 
experiment using BBA produced from saw palmetto fuel. After BBA concentrations 
reached steady state in the flow tube, N2O5 was introduced and allowed to stabilize. In 
the first mode of operation, a Teflon filter was placed inline just before the entrance to 
the flow tube to allow residual gases from the smoke to enter but not the BBA. Observed 
aerosol surface area concentrations went to near zero and concentrations of N2O5 
increased. The aerosol flow was switched between filtered and bypass modes six times 
before proceeding to the next operational mode. In the second mode of operation, smoke 
input was kept constant in bypass mode while N2O5 addition into the flow tube was 
modulated on and off six times as well. When N2O5 was added to the flow tube, 
particulate nitrate (pNO3) increased (Figure 3), ClNO2 (g) increased (Figure 6), and 
particulate chloride (pCl) decreased (Figure 7). 

Page 12 of 30Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

Figure 3. Exemplary N2O5 (g) (red line) reactive uptake experiment for black needlerush BBA at high RH (75%). BBA 
surface area (black circles) is modulated by passing the smoke through a filter or bypassing the filter into the flow 
reactor, indicated by the horizontal bar above. The N2O5 is continuously added to the chamber starting at 12:30, and the 
modulations of its signal are anti-correlated with the BBA abundance. Aerosol nitrate (blue diamonds) increases when 
BBA is present in the flow reactor with N2O5 versus when N2O5 delivery is stopped (yellow-green horizontal bar). 

3.2 Determination of N2O5 Reaction Probability, (N2O5)
The natural logarithm of the ratio of N2O5 signal in the presence of BBA (bypass 

mode) to that in the absence of BBA (filtered mode) can be used with equations 4 and 5 
to derive (N2O5). Figure 4 shows this N2O5 signal ratio with and without BBA plotted 
versus BBA Sa, from the four different fuels, with each N2O5 experiment on each fuel 
type conducted under two different RH conditions of 35% and 75% (cyan and dark blue, 
respectively). The linear relationship (R2 > 0.8) between the changes in N2O5 versus Sa 
gives support for the interpretation that N2O5 is reacting with the aerosol surface area(52). 
The slope of the least-squares line of best fit, scaled by the flow tube residence time (t = 
120s), is directly proportional to (N2O5) via equation 5. 

The (N2O5) on BBA from each fuel type displayed unique dependencies on BBA 
composition and RH. Table 1 summarizes the (N2O5) measured for each fuel type, with 
values typically ranging from 2.0 to 6.0 ×10-3 across experiments. Saw palmetto BBA, 
with a non-refractory aerosol composition of 74% OA, 2% pNO3, and 20% pCl, led to a 
(N2O5) that increased slightly with RH, from 3.0 ± 0.4 ×10-3 at 35% RH to 4.0 ± 1.0 
×10-3 at 75% RH and exhibited the largest change in pNO3 and N2O5(g) for both 
experimental operational modes, see Table 2. While saw palmetto BBA contained high 
levels of particulate chloride (18% by mass) compared to the other fuels ( 2-22%), the 
pCl changed relatively the least (-1 ± 0.1 µg m-3, 10% of chloride mass) following 
exposure to N2O5. On both black needlerush BBA (22% pCl) and wiregrass BBA (4.7% 
pCl), (N2O5) doubled between the low (34/37%) and high RH (60/76%) conditions, 
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from 2.0 ± 0.4 ×10-3 to 4.0 ± 0.2 ×10-3 and 3.0 ± 0.6 ×10-3  to 6.0 ± 0.6 ×10-3.  Wiregrass 
BBA also exhibited the largest changes in pCl, a decrease of 23% chloride by mass or -
0.7 ± 0.2 µg m-3, upon exposure to N2O5 at 60% RH, though ClNO2 was not readily 
detected. For the pine needle BBA (2.4% pCl), (N2O5) decreased slightly with elevated 
RH, from 3.0 ± 0.4 ×10-3 at 35% RH to 2.0 ± 0.4 ×10-3  at 75% RH and had the least 
change in pNO3 for both experimental modes.   

Regarding the gas-phase products of this reaction, it is likely the N2O5 was 
predominantly yielding HNO3; however, given the significant memory effects of HNO3 
in the reactor, we do not attempt to interpret its instantaneous concentration as a measure 
of reaction branching. We might have expected pCl to change based on the displacement 
of HCl by HNO3. Indeed, in the wiregrass BBA experiment pCl decreased significantly 
and ClNO2 was not observed, presumably due to acid displacement. We were unable to 
conclusively detect HCl in these experiments, but note it could be present below our 
detection limit (~0.5 ppbv(65)). The quantitative measurement of HCl using iodide 
adduct is challenging, as it is a weak cluster, sensitive to small instrumental electric 
fields, and especially difficult in the presence of high water vapor, which leads to an 
overlapping ion(66). 
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Figure 4. Determination of the reaction probability of N2O5 (g), (N2O5), on the four types of BBA under low and high 
RH conditions. The natural log of the N2O5 signal ratio with and without BBA present in the flow reactor is plotted 
versus BBA surface area concentration measured in the flow reactor for low (cyan) and high (dark blue) RH, and four 
different fuels: wiregrass (top left), black needlerush (top right), saw palmetto (bottom left) and longleaf pine needles 
(bottom right). The error bars correspond to the uncertainties related to the variability over the course of each 
individual experiment. The slopes of the best fit lines are proportional to (N2O5) via equations 4 and 5, and the gray 
shading shows uncertainty bounds derived from the regression from the absolute uncertainty in the underlying 
variables. The trendline equations are as follows: wiregrass, 37% RH: y = 2850 ± 260 *x + 0.25; wiregrass, 60% RH: 
y=6270 ± 340 *x + 0.12; black needlerush, 34% RH: y= 2200 ± 210*x + 0.16; black needlerush, 76% RH: 4130 ± 
120*x – 0.02; saw palmetto, 40% RH: y= 3500 ± 250*x -0.02; saw palmetto, 60% RH: y=3820± 500*x +0.1; longleaf 
pine needles, 30% RH: y= 3250± 180*x + 0.27; long leaf pine needles, 76% RH: y= 2670 ± 140*x + 0.04

3.3 (N2O5) compared to aerosol composition and other aerosol systems
No obvious trends in N2O5 reactivity with bulk non-refractory BBA composition 

were found, however, the expected roles of particulate organic aerosol and pNO3 in the 
suppression of (N2O5) compared to pure aqueous salt solutions were likely operational 
in the BBA. Wiregrass and pine needle BBA had the highest organic mass fraction 
(>90%) and a higher initial nitrate to chloride ratios at 0.3 and 0.4, respectively, 
compared to the other fuel types, and experienced the least change in pNO3 upon N2O5 
exposure, a 70 ± 16% and 50 ± 8% increase. Saw palmetto BBA exhibited the largest 
change in pNO3, 159 ± 19% increase and lowest change in pCl, a decrease of 4 ± 12%, 
compared to BBA from the other fuel types. Black needlerush BBA had a smaller pNO3 

change with N2O5 exposure, 87 ± 11%, consistent with a large yield of ClNO2. 
The values of (N2O5) derived in this experiment fit well within the context of 

previous literature values (Figure 5). The (N2O5) on soot aerosol have been reported 
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between 2 x 10-4 and 0.0383. The (N2O5) reported for mixed organic/inorganic aerosol 
ranges between 3 x 10-4 and 8.3 x 10-3 for humic acid mixed with aqueous ammonium 
sulfate at 6 to 40% by mass(69), and from 0.003 to 0.025(37) for organic mass fractions 
from 0 to ~50% using OA with a range of oxidation state. In the absence of organics, 
pNO3 and pCl can affect (N2O5) on aqueous inorganic particles. Aqueous inorganic 
pNO3 generally suppresses (N2O5)(31), while aqueous pCl can compete with pNO3 and 
offset its suppression(33,39). The significant mass fractions of OA in all the BBA studied 
here, and the moderate hygroscopicity of the fresh and thus low-oxidation state 
BBOA(70) likely explain the relatively low (N2O5)(36,37) compared to values of order 
0.03 measured on aqueous ammonium bisulfate particles. 

Figure 5. Values of (N2O5) derived from this experiment on four types of BBA under low and high RH conditions, 
compared to reported values from experiments on other aerosol types, and ambient measurements. The values from 
biomass burning aerosol are at the lower end compared to the other aerosol types reported. The control ammonium 
bisulfate aerosol from this experiment (red circle) is within range of other reports.(33,39,71–75)
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The suppression of the (N2O5) relative to aqueous particles for the large amount 
of OA in these experiments is less than that expected based on experiments using humic 
acid and monoterpene SOA(36,69), possibly because the OA is not uniformly coating all 
the BBA particles and/or is more hygroscopic(37). Electron microscopy measurements 
conducted on BBA generated from the same fuels used in this experiment reveal salt 
particles with organic coatings surrounding the salt to different extents, which will be 
elaborated on in a future paper. Furthermore, the hygroscopicity of BBA is known to vary 
greatly, with kappa hygroscopicity parameter values ranging from low (ĸ=0.02-0.06) to 
very high (ĸ=0.6-0.8)(76,77). Some BB experiments have reported kappas as high as ĸ=1 
with bimodal kappa distributions, further showing the wide variance of several properties 
of BBA that may impact (N2O5)(78). 

In addition, while we have attempted to remove and minimize NO3 radical 
reactivity from the smoke via the addition of VOC and NOx scrubbers and operating at 
high NO2 (excess from the N2O5 generator), which suppresses NO3 availability via N2O5 
formation, we cannot guarantee the complete absence of NO3 nor its reactivity in the flow 
tube. For N2O5 to be present NO3 must also be available due to their thermal equilibrium 
(R1), and thus NO3 reactivity also increases the apparent loss rate of N2O5. Therefore, our 
(N2O5) values for BBA are likely biased high, as (1) NO3 reactivity cannot be 
eliminated, and (2) the aerosol surface area measured by the SMPS is a lower estimate 
due to a maximum observable particle diameter of around 710 nm. As shown in Figure 2, 
the tail of the aerosol size distribution does extend past 710 nm in some BBA 
experiments. As noted above, a PTR-MS attached to the flow reactor did not measure 
significant concentrations of VOC that react with NO3, indicating that most VOCs were 
removed prior to entering the flow tube. This suggests that little but not necessarily zero 
NO3 reactivity through reaction with VOCs occurred in the flow reactor.

3.4 Chlorine activation and ClNO2 production
An example time series of chlorine activation during the black needlerush BBA 

experiment at 75% RH is shown in Figure 6. ClNO2 is not present until the addition of 
N2O5 into the flow reactor. Once N2O5 is introduced, ClNO2 is produced both in the 
presence and absence of BBA, implying production occurring on both BBA and wall 
surfaces. The background ClNO2 produced on wall surfaces (inferred from when BBA 
was not present) was generally constant over the duration of the experiment, while the 
total ClNO2 signal decreases as the BBA Sa decreases over the course of the experiment 
and when BBA is absent due to the placement of the filter inline. This allows us to 
resolve the contribution to ClNO2 production from wall chemistry versus from reaction of 
N2O5 with the BBA, by subtracting the constant ClNO2 concentration measured in the 
absence of BBA.

The ClNO2 enhancement due to BBA decays with time, suggesting that as the 
BBA ages in the reservoir chamber, pCl becomes less available for activation. Aging can 
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occur through the slow evaporation of semi-volatile organic and inorganic aerosol 
components that can then partition to the chamber Teflon walls. Oxidants and other 
reactants emitted or produced in the nascent smoke can also cause some amount of 
chemical aging, though well below the extent of photochemical aging typically 
experienced during atmospheric transport timescales of hours to days. In Ahern et al. 
unexposed BBA was measured directly from the chamber, while in this study all BBA 
sampling took place from the flow tube(14). Thus, fresh black needlerush BBA in the 
presence of N2O5 may be a major source of ClNO2 production(14). In the other fuels 
studied, the ClNO2 signal typically had a similar trend, but was detected at a much lower 
fraction of the reacted N2O5 than that shown in Figure 6. For example, for black 
needlerush BBA at 75% RH, ClNO2 enhancements with the BBA accounted for >30% of 
the N2O5 signal difference with and without BBA present. But for BBA from other fuels, 
ClNO2 enhancements rarely exceeded 1% of the N2O5 signal difference, or were not 
detectable such as for longleaf pine needle BBA and wiregrass BBA at RH <70%. The 
background corrected ClNO2 enhancements in the presence of BBA relative to the loss of 
N2O5 are used to calculate (ClNO2), shown in Table 1.

Figure 6. Observed production of ClNO2(g) (black line) from N2O5(g) (red squares) reactive uptake to black 
needlerush BBA at high RH (75%), along with ClNO2 production attributed to aerosol reactive (purple circles) uptake 
versus from the flow reactor walls (green diamonds). Periods with both N2O5 and BBA present in the flow reactor, 
indicated by the yellow bar, contain enhanced ClNO2. Some ClNO2 is continuously formed from N2O5 reacting on the 
walls of the flow reactor and transfer tubing. The amount of ClNO2 from the walls (green) is determined from the 
periods when N2O5 is present in the flow tube without BBA (blue bar). The difference between the ClNO2 signal 
measured when both BBA and N2O5 are present and that without BBA is the amount of ClNO2 produced from N2O5 
reacting on BBA (purple circles).

The exact reasons for the large range in ClNO2 production efficiency on different 
types of BBA are not known at this time, but one possibility is related to particle chloride 
phase state and availability. The observed trend of efficient ClNO2 production on the 
BBA with the highest pCl at the highest RH is reasonable. The most common chloride 
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salts present in BBA are KCl and NH4Cl(1). KCl particles deliquesce at 85% RH and 
effloresce at 56%(28,79). Even in internally mixed particles, solid KCl may be present up 
to 82% RH(80).  At the RH used in these experiments, it is thus quite possible the pCl 
was often in a solid form, inaccessible for aqueous chemistry, especially for all 
experiments with RH < 60%. While chloride activation from solid chloride particles has 
been documented(24,27), heterogeneous reaction rates are far slower than in aqueous 
systems, and N2O5 may well have additional reaction pathways in the complex BBA that 
outcompeted solid chloride interactions(26,28). Given that many wildfire plumes evolve 
during periods of relatively low humidity, this finding may have significant implications 
for the near-fire activation of chloride by N2O5 and the relative strengths of cycling 
versus sink processes of nitrogen oxides.

Previous exploration of N2O5 multiphase chemistry on authentic BBA that we 
presented in Ahern et al. used a 12 m3 smog chamber with a mixing time of half an hour, 
exposing particles to N2O5 and water vapor for longer than the 2 minute residence time of 
these flow-tube experiments(14). In those chamber experiments N2O5 was produced from 
the nitrogen oxides present in the nascent smoke, plus the addition of ~80 ppb of ozone to 
the chamber. HCl was typically observed in the low hundreds of ppt. Estimates of 
(N2O5) made using a box model were uncertain in that experiment, due to the role of 
turbulent mixing, long mixing times, and wall loss, but were consistent with our 
determinations here, in the range of 10-4–10-2.  

ClNO2 production was observed more in our prior chamber experiments reported 
by Ahern et al. than in the flow reactor described here, and scaled with the mass fraction 
of particle chloride, though different fuel types were used in each experiment(14). The 
one fuel in Ahern et al. to exhibit a measurable yield of ClNO2 was sawgrass (Cladium 
jamaicense)(14). Similar to black needlerush, sawgrass had elevated particulate chloride 
concentrations compared to the other fuels burned, and both species grow in coastal, 
marshy areas(14). ClNO2 production in the chamber occurred after the formation of 
N2O5, and ClNO2 concentrations continued to increase following the maximum in N2O5 
concentration that was reached within 30 minutes following the addition of ozone. One 
reason for this difference could be the much longer interaction time in the chamber of 
more than 1.5 hours, allowing for more displacement and repartitioning of chloride across 
the size distribution, or to areas of the particles more accessible to N2O5, than the short 
two minutes interaction time in the flow reactor might allow. In addition, steam injection 
was used to facilitate mixing in the chamber and increase the chamber RH to a maximum 
of 60%, though small areas of the chamber may have exceeded 60% for short times 
during steam injection, possibly aiding in the deliquescence of KCl. The main conclusion 
is that for sawgrass and black needlerush, liberation of particulate chloride as ClNO2 
upon reactive uptake of N2O5 is highly likely.
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3.5 Reactive Nitrogen Budget
The observed modulations of both gas and particle-phase nitrogen oxides can be 

used to evaluate the extent to which the measured products account for the amount of 
reactive nitrogen lost via N2O5 reactive uptake, as seen in Figure 7. Uncertainties in the 
absolute calibrations between N2O5, HNO3, ClNO2, and pNO3, and differential losses of 
these components in the flow reactor apparatus prior to detection make such closure 
assessments challenging. For the species reported by the CIMS, an uncertainty of 30% is 
estimated for those directly calibrated(65). Our goal is to assess whether, given the 
inferred ClNO2 being in some cases ~ 0, we can infer other N2O5 reaction channels or 
unmeasured products. We evaluate the reactive nitrogen budget using equation 7:

N balance = 2 * ∆N2O5(g) – (∆HNO3(g) + ∆ClNO2 + ∆pNO3) [7]

For each N2O5 that reacts in the flow reactor on aerosol particles, two N are converted 
into products, which will include HNO3, ClNO2, pNO3, among other possible products 
not measured. A nitrogen balance of zero implies closure – all reacted N2O5 is accounted 
for by the measured products, whereas positive deviations from zero imply missing 
products, and negative deviations imply missing additional sources of the measured 
products. 

Figure 7. Time series of changes observed to black needlerush BBA particulate nitrate (dark blue circles) and chloride 
(pink diamonds) concentrations at high RH with and without exposure to N2O5(g) (red line) (yellow to green portion of 
horizontal bar). Observed particulate nitrate is strongly enhanced by the presence of N2O5, while particulate chloride is 
depleted to a lesser extent.

As illustrated in Table 2, most experiments resulted in an N balance between ± 50%, 
which, considering calibration uncertainties of the two instruments propagated through 
equation 7, imply closure to within the measurement capabilities. Therefore, most of the 
N2O5 was converted into ClNO2, HNO3, and pNO3. Using Table 2 and the calculated 
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yield values, for example, N2O5 fractionated for saw palmetto in the high RH (60%) 
experiment <1% to ClNO2 and 79% to HNO3, or 80% between them, and 28% to pNO3 
with ~9% discrepancy. The exception is the one experimental time series shown in 
Figures 6 and 7, black needlerush at high RH (76%), which exhibits a large (factor of 2.5) 
negative bias implying a missing source of pNO3. We suspect this indicates a partitioning 
of excess gas-phase HNO3 from flow reactor surfaces into the BBA at high RH, possibly 
due to a deliquesced inorganic component. Pre-experiment our instruments sampled the 
humidified flow through the flow reactor with clean air, however nothing was observed 
from the walls of the flowtube. As such, we conclude that the bulk of N2O5 reactivity on 
BBA that does not lead to Cl-activation produces inorganic NO3, but we are unable to 
rule out a small amount of particulate organic nitrate production. Molecular analysis of 
the BBA after N2O5 processing in future studies could further refine this budget.

4. Conclusions and Atmospheric Implications
In this study the heterogeneous reaction probability of N2O5(g) ((N2O5)) 

measured on authentic BBA is reported for the first time using controlled aerosol flow 
reactor experiments. We find (N2O5) to be on the lower end of previous studies using 
various inorganic and organic aerosols, ranging between 0.002 and 0.006. Even though 
the BBA particles from certain fuels from this set of experiments contained chloride mass 
fractions on the higher side compared to other BBA experiments (reported range 0-
34%)(2) that should drive N2O5 reactive uptake and conversion to ClNO2, ClNO2 
formation was only detected at significant yields (50%) for the BBA with the highest 
particle chloride content (22% pCl by mass) at the highest RH used (76%). These results 
suggest future investigations into the phase state and morphology of BBA that likely play 
an important role in determining the observed chemical reaction kinetics and product 
yields.

Table 2. Reactive nitrogen budget measured in the aerosol flow reactor under nocturnal 
conditions, based on measured changes in N2O5(g), HNO3(g), ClNO2(g), and particulate nitrate 
(pNO3). N balance is determined using equation 7. Absolute measurement uncertainty in 
parentheses. 

Fuel Type 2∆N2O5 (pptv)
∆HNO3(g) + ∆ClNO2 (g) 
(pptv) ∆pNO3 (pptv) N balance (%)

Saw Palmetto LRH 726 (220) 321 (100) 378 (110) 4 ± 6
Saw Palmetto HRH 1136 (340) 911 (270) 322 (100) 9 ± 31
Wiregrass LRH 2843 (850) 870 (260) 136 (40) 65 ± 42
Wiregrass HRH 2329 (700) 1086 (330) 146 (40) 47 ± 26
Black Needlerush LRH 2000 (600) 1204 (360) 1512 (450) -35 ± 32
Black Needlerush HRH 319 (100) 165 (50) 957 (290) -250 ± 78
LL Pine Needles LRH 2300 (690) 1054 (316) 60 (20) 51 ± 51
LL Pine Needles HRH 394 (120) 97 (30) 100 (30) 50 ± 19
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In our prior related large chamber experiments on BBA reported by Ahern et al, 
we found that loss of N2O5 to the chamber walls was too large to allow accurate 
determination of (N2O5) on BBA(14). On the other hand, in the chamber experiments 
ClNO2 formation occurred more often than observed in these flow reactor studies and 
scaled with particulate chloride mass fraction. One possible explanation might involve 
the humidification and mixing of the chamber leading to a greater potential for 
deliquescence of inorganic chloride relative to the aerosol flow reactor experiments 
described here. Moreover, there was greater interaction time between N2O5 and BBA, 
and higher aerosol concentrations in the chamber experiments, suggesting that perhaps 
the ClNO2 formation rate was often below the detection limit given the flow reactor 
conditions and timescale. 

Overall, our results suggest that chloride availability for activation into volatile 
and reactive chlorine species such as ClNO2 and HCl in fresh BBA is likely reduced, 
possibly due to the phase state of inorganic salts (e.g. KCl), and particle morphology via 
organic coatings that hinder heterogeneous reactions between N2O5 (or HNO3) and 
chloride. Further work on the deliquescence and efflorescence of inorganic components 
of authentic BBA that controls the availability of chloride and other components for 
reaction is likely warranted. Given that we generated and used authentic BBA under 
atmospherically relevant RH conditions, our results imply that inorganic phase transitions 
and/or core-shell morphology may well be important in describing the chemical evolution 
and impacts of atmospheric BBA.
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