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Abstract 9 
 10 
Biomass burning is a source of both particulate chloride and nitrogen oxides, two 11 
important precursors for the formation of nitryl chloride (ClNO2), a source of 12 
atmospheric oxidants that is poorly prescribed in atmospheric models. We investigated 13 
the ability of biomass burning to produce N2O5(g) and ClNO2(g) through nocturnal 14 
chemistry using authentic biomass-burning emissions in a smog chamber. There was a 15 
positive relationship between the amount of ClNO2 formed and the total amount of 16 
particulate chloride emitted, and with the chloride fraction of non-refractory particle 17 
mass. In every fuel tested dinitrogen pentoxide (N2O5) formed quickly following the 18 
addition of ozone to the smoke aerosol and ClNO2(g) production promptly followed. At 19 
atmospherically relevant relative humidities, the particulate chloride in the biomass-20 
burning aerosol was rapidly but incompletely displaced, likely by the nitric acid 21 
produced largely by the heterogeneous uptake of N2O5(g). Despite this chloride acid 22 
displacement, the biomass-burning aerosol still converted of order 10% of reacted 23 
N2O5(g) into ClNO2(g). These experiments directly confirm that biomass burning is a 24 
potentially significant source of atmospheric N2O5 and ClNO2 to the atmosphere. 25 
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1. Introduction 33 
An accurate budget of atmospheric oxidants is necessary to predict the formation 34 

and loss of atmospheric pollutants and climate-forcing agents, such as methane and 35 
particulate matter. Atomic chlorine and nitrogen oxides (NOx = NO + NO2) are reactive 36 
gases that contribute significantly to the atmospheric oxidant budget, and whose 37 
lifetimes are directly impacted by the formation and fate of N2O5(g)1,2. N2O5 forms at 38 
night via reactions R1–R3, shown below. N2O5 is thermally unstable and exists in a 39 
temperature-dependent equilibrium with NO2 + NO3. At sunrise, NO3 photolysis and its 40 
reaction with NO lead to rapid net loss of N2O5 back to NOx 3–5.  41 

NO + O!	 → NO# + O# (R1) 

NO# + O!	 → NO! + O# (R2) 

NO# + NO!	 $↔N#O% (R3) 

The N2O5 NOx reservoir extends the atmospheric lifetime of the NOx family by 42 
preventing removal through oxidation of NO2 to HNO3. N2O5 also reacts 43 
heterogeneously with aerosol particles 6. The composition of the particle affects both the 44 
reactive uptake probability (γN2O5) and thus the rate of heterogeneous loss, and also the 45 
chemical fate of N2O5 that is taken up by the particle phase. N2O5 reacts in chloride 46 
containing aqueous particles to form either HNO3(aq) or ClNO2(aq)7. Reactions R4–R7 47 
represent a hypothesized multi-step mechanism, though a concerted one-step process 48 
cannot be ruled out. The branching between the two products represents either net 49 
removal of two NOx in the form of HNO3, or the recycling of one NOx and the formation 50 
of a Cl atom source: ClNO2 8,9. 51 
 52 
 N#O%(𝑔)

&'↔N#O%(𝑎𝑞) (R4) 
 

 
 

N#O%(𝑎𝑞) + H#O(𝑙)
&(↔H#ONO#)(𝑎𝑞) + NO!*(𝑎𝑞) 

(R5) 

 H#ONO#)(𝑎𝑞) + H#O(𝑙)
+,→HNO!(𝑎𝑞) + H!O)(𝑎𝑞) 

(R6) 
 

 H#ONO#)(𝑎𝑞) + Cl*(𝑎𝑞)
+-→ ClNO#(𝑎𝑞) + H#O(𝑙) 

(R7) 
 53 
 ClNO2 is formed in the particle phase, but then rapidly evaporates8,9. It is a stable 54 
gas in the dark, but quickly photo-dissociates into NO2 and Cl×. Atomic chlorine is a 55 
radical of potency similar to the hydroxyl radical, and therefore affects the production of 56 
ozone, particulate matter, and hydroxyl radicals10. ClNO2 has previously been observed 57 
in coastal regions where sea spray provides ample particulate chloride, a critical 58 
precursor to ClNO2 formation11,12. However, elevated concentrations of ClNO2 have 59 
recently been observed in a number of inland regions, suggesting the presence of other 60 
important but poorly understood reactive chlorine sources13–17. Production of ClNO2 far 61 
from non-marine chloride sources represents a potentially important but uncertain 62 
perturbation to the atmospheric oxidant budget. 63 



 Biomass-burning aerosol (BBA) is a likely candidate source of chloride that leads 64 
to ClNO2 formation because smoke plumes contain all the necessary precursors: NOx, O3, 65 
water, and often particulate chloride18–20. Analysis of a decade of measurements in the 66 
western US found a factor of 10 increase in PM chloride concentrations during wildfire 67 
smoke influenced periods.21 The propensity for N2O5 to form in realistic biomass-burning 68 
plumes is not well known, and this is a prerequisite for the subsequent production of 69 
ClNO2 22. Understanding biomass burning as a source of particulate chloride is of 70 
particular interest because it will allow us to better quantify ClNO2 production from other 71 
more readily regulated chlorine sources such as coal burning power plants14,23,24.  72 
 ClNO2 production from biomass burning has yet to be investigated explicitly. In 73 
these experiments, we measured the ClNO2 production potential of authentic BBA in 74 
smoke plume conditions. Although the formation of N2O5 is well understood, its 75 
heterogeneous uptake on authentic biomass-burning aerosol has not been explored 76 
through laboratory kinetics experiments. The two critical steps, reactive uptake of N2O5 77 
(γN2O5) and the yield of ClNO2 from N2O5 uptake (φClNO2) are both highly dependent on 78 
particle composition and morphology25–28. The heterogeneous kinetics of authentic BBA, 79 
which varies in composition and morphology from particle to particle and depends on 80 
the type of fuel burned, may be significantly different from proxies used in previous lab 81 
studies25,27,29–32. The composition and morphology of BBA is difficult to predict because 82 
of the variability in sources, combustion conditions, and subsequent aging processes18,33–83 
37.   84 
 Three aerosol components are identified as having an important effect on the 85 
ability of particles to convert N2O5 into ClNO2: water, nitrate, and chloride7. Even small 86 
mass fractions of aqueous particulate chloride may lead to the preferential formation of 87 
ClNO27,8,38. Kinetics experiments have found the ratio of k7/k6, R7/R6, is large (483±175)7, 88 
favoring the formation of ClNO2 instead of HNO3 at chloride concentrations > 0.1 M in 89 
well-mixed aqueous inorganic solutions typical of atmospheric aerosol (e.g. ammonium-90 
sulfate-nitrate systems)7,8,39. In contrast, aerosol nitrate, a product of N2O5 reactive uptake 91 
and dissolution of HNO3 formed from gas-phase oxidation of NOx 40, suppresses N2O5 92 
reactive uptake via the so-called nitrate effect (reverse reaction in R5 equilibrium) 7,41. In 93 
these experiments, we used biomass fuels with different anticipated chloride emissions 94 
(based on prior reports18) to investigate the effects of BBA chloride on ClNO2 formation 95 
and to probe the relative competition between particle chloride and nitrate.  96 

Water is also a critical component for the heterogeneous uptake of N2O5 and 97 
subsequent production of ClNO2. Water is necessary to generate an aqueous phase to 98 
promote the efficient uptake of N2O5, and simultaneously dilutes the particle nitrate (thus 99 
enhancing γN2O5) and particle chloride (decreasing φClNO2) concentrations31,42. Increased 100 
water content can also affect particle morphology (i.e. liquid-liquid phase separations43–101 
47) and potentially facilitate net chloride displacement,37,48 as shown in R8: 102 

 103 
 MCl(/	01	23) + HNO!(5) → HCl(5) +MNO!(/	01	23) (R8) 

where M is a cation (e.g. potassium, sodium, etc.). This mechanism can have the two-fold 104 
effect of increasing NO3- (thus decreasing γN2O5) and decreasing chloride (reducing 105 
φClNO2), while releasing substantial HCl to the gas phase. In our smog chamber 106 



experiments, we investigated the effect of relative humidity on the ClNO2 produced from 107 
authentic BBA generated from various fuels that produced aerosol with a range of 108 
chloride contents to determine the influence of particle-phase water content on this 109 
multiphase chemistry. 110 

2. Materials and Methods 111 

2.1. Experimental overview 112 
We investigated the fate of chloride in biomass-burning emissions in one of the 113 

Carnegie Mellon University 12 m3 Teflon smog chambers49,50. A schematic of the chamber 114 
is shown in Figure 1. Prior to each experiment, the chambers were purged using UV 115 
blacklights and VOC-free and particle-free air overnight to ensure the particle number 116 
concentrations were < 10 cm-3. We used four types of aerosol in these experiments. 117 
Ammonium bisulfate was selected as a test particle that did not contain chloride and that 118 
has a well-characterized γN2O5 value7,25,31. The three biomass fuels burned were sawgrass, 119 
cutgrass, and birch wood. Sawgrass and cutgrass smoke have previously been observed 120 
to have high-chloride content, likely due to the brackish water they grow in19. These tall 121 
grasses were obtained for us from near Savannah, Georgia by the U.S. Fish and Wildlife 122 
Service, while the birch was bought as firewood at a local grocery store in Pittsburgh, PA. 123 
Information on the prevalence of these fuels in the United States, their chloride emission 124 
factors18,51, and their fire and prescribed burn frequencies52 is provided in the Supporting 125 
Information. 126 

We prepared a 1 g L-1 solution of ammonium bisulfate in MilliQ water that we 127 
nebulized directly into the smog chamber using a TSI model 3076 aerosol generator. In 128 
some experiments the aerosol was passed through a diffusion drier, and in others the 129 
aerosol remained deliquesced before being injected into the pre-humidified smog 130 
chamber. We scattered tall grass samples in an aluminum pan and ignited them using a 131 
butane lighter. We added fuel by hand to maintain visual flaming combustion conditions 132 
while we filled the smog chamber using a pair of Dekati eductor dilutors53. We used the 133 
same sampling set up for the birch-wood smoke, except that the birch wood was burned 134 
in a naturally aspirated cast-iron woodstove with the door left open. It was allowed to 135 
burn for about 5 minutes before chamber filling was started. The fires were fed until the 136 
smog chamber contained a sufficient particle concentration. We aimed for a particle 137 
surface area concentration of ~2 x 109 nm2 cm-3, which was typically achieved after 20 to 138 
40 minutes of particle injection. This corresponded to a particle number concentration of 139 
3.5x105 cm-3 which decreased as particles diffused to the walls to an average number 140 
concentration of 2.0 x 105 cm-3 over 1.7 hours, but varied significantly for each experiment. 141 
The technical details of the sampling apparatus and the artefacts associated with 142 
sampling the naturally aspirated smoke are discussed in the Supplemental Information, 143 
along with details for each experiment provided in Table S1. 144 
 N2O5 was formed in the smoke by injecting ozone generated from pure oxygen gas 145 
flowing through a corona discharge source (HTU500AC, Azco) to the NOx rich smoke 146 
and allowing reactions R1–R3 to occur in the chamber. Initial ozone concentrations were 147 
typically 95 ppbv. During our experiments, the smoke injection increased the chamber 148 
concentration of NOx to an average concentration of 72 ppbv, as indicated in Table S1. 149 



For experiments where smoke was not used, small aliquots (~1.2 mL) of 1% NO2 (Liquid 150 
Technologies, Co.) were added to the chamber prior to ozone injection to achieve NOx 151 
levels similar to those obtained in the burn experiments. 152 

As the conversion of N2O5 into ClNO2 is understood to occur in the aqueous phase, 153 
we also explored the effect of relative humidity on ClNO2 formation. We achieved a 154 
relative humidity as high as 60% with minimal air dilution by injecting steam into the 155 
smog chamber. We heated approximately 300 mL of MilliQ water in a 3-neck 500 mL 156 
glass flask using an electric mantle54. Additional experimental details are described in the 157 
Supporting Information. 158 
 159 

2.2. Particle characterization  160 
 We measured particle composition using the Aerodyne Soot Particle high 161 
resolution Aerosol Mass Spectrometer (SP-AMS, Aerodyne Research Inc.)55. The SP-AMS 162 
uses a high-power infrared (IR) laser to evaporate black-carbon containing aerosol, 163 
facilitating the measurement of refractory black carbon (rBC) aerosol mass by the AMS. 164 
Particles that do not contain rBC – and therefore do not efficiently absorb the IR laser – 165 
are evaporated by the conventional 600 °C tungsten thermal vaporizer that sits behind 166 
the IR laser beam. The vapors produced by either the IR laser or vaporizer are 167 
subsequently ionized by a 70 eV electron source, and the resulting ions are analyzed by 168 
a high-resolution time-of-flight mass spectrometer. Unless specified otherwise, refractory 169 
species were measured with the SP-AMS infrared (IR) laser on, using particle beam-width 170 
probe measurements to estimate the rBC collection efficiency (EIR,rBC = 0.4 ± 0.15 )56,57. Due 171 
to uncertainty associated with the relative ionization efficiencies of non-refractory species 172 
vaporized with the SP-AMS using the IR laser, we report non-refractory species as 173 
measured when only using the conventional 600 °C vaporizer with the IR laser off56–60. 174 
The chloride salts present in BBA are typically KCl and NH4Cl18,61, which are non-175 
refractory at 600 °C, unlike NaCl. With the conventional vaporizer, the largest source of 176 
uncertainty for quantitative mass measurements is caused by particles bouncing off the 177 
vaporizer and thus being undetected62,63. However, with biomass-burning aerosol there 178 
are assumptions that allow us to estimate particle bounce by comparing SP-AMS mass 179 
measurements with the laser on versus laser off. Further details on the SP-AMS data 180 
analysis procedures are provided in the Supporting Information. 181 
 We measured particle size and number using a Scanning Mobility Particle Sizer 182 
(SMPS, TSI, Inc., model 3081; 3080 long DMA and 3772 CPC) equipped with a polonium 183 
neutralizer, sampling directly from the chamber. The SMPS sheath flow was set to 5.0 L 184 
min-1 and the aerosol sample flow was reduced to 0.5 L min-1 using a mass flow controller 185 
to supply a particle-free makeup flow for the CPC’s 1.0 L min-1 total flow rate. We 186 
calculated the particle surface area assuming all particles are spherical. 187 
 188 

2.3. Gas-phase characterization 189 
We measured the gas-phase composition using an absorption-based ozone 190 

monitor (Dasibi, 1008-PC), a chemiluminescence NOx monitor with a molybdenum 191 
catalyst (Advanced Pollution Instrumentation, model 200A), and a relative humidity 192 



probe (Vaisala, HNP-233). It should be noted that the NOx data will be biased high due 193 
to unconstrained conversions of nitrogen oxides (e.g. N2O5) to NO64,65. At most this would 194 
bias NOx 10% high, and would not influence our results significantly. 195 

We measured iodide-ion adducts of N2O5 and ClNO2 using the University of 196 
Washington high-resolution chemical ionization time of flight mass spectrometer (UW-197 
CIMS)39,66,67. The UW-CIMS pulled 8.0 Lpm of flow through a 3/8″ o.d. Teflon sampling 198 
inlet to limit the loss of reactive and semi-volatile species. Laminar flow was calculated 199 
for these conditions with a 15% loss rate to the walls to limit the loss of reactive gases. A 200 
210Po ionizer (Staticmaster, model P-2021) was used to create reagent ions (I-) from methyl 201 
iodide. The mass spectrometer was tuned for weak declustering and N2O5 and ClNO2 202 
were detected as clusters with the iodide ion. The inlet and ion molecule reaction region 203 
was humidified to a minimum of 35% RH to control for variable sensitivity to water vapor 204 
of target compounds68. 205 

The CIMS was calibrated using an online continuous source of N2O5 generated 206 
from the reaction of NO2 and O3, as described in Bertram et al.69. The source output has 207 
been checked against NOx, O3, and NOy instruments and found to be stable for consistent 208 
inputs of NO2 and O3. Moreover, the instrument response to N2O5 derived from these 209 
additions is compared to the theoretical response, based on collision limited ionization 210 
and found to be consistent with expectations as described in Lopez-Hilfiker et al.70. 211 

 We quantified the loss of N2O5 in the inlet using an N2O5 source placed in front of 212 
the inlet, similar in principle to that described by Bertram et al.69, to generate a constant 213 
flowing concentration of N2O5 by reacting a stream of NO2 with an excess of O3. A 214 
dynamic gas-calibrator (Thermo Electron Co., model 146C) supplied a variable flow of 215 
NO from a compressed-gas cylinder (1500 ppb NO, Liquid Technologies Co.) and also 216 
generated a constant flow of O3 from compressed zero air. We used a passivated 4 L glass 217 
bottle reservoir to allow ample reaction time for the NO2 and O3 to generate a steady 218 
source of N2O5. ClNO2 was calibrated by flowing N2O5 over a saturated NaCl(aq) bed 219 
and assuming complete conversion from N2O5 to ClNO2 39. 220 
 221 

3. Results and Discussion 222 

3.1. Particle composition from biomass burning 223 
We list the initial particle composition for each chamber experiment in Table S1, 224 

including the chloride fraction of non-refractory aerosol mass (fCl = Cl- / (Cl- + NO3- + 225 
organics + NH4+ + SO42-)). In these calculations we assume that all chloride is non-226 
refractory, although thermodenuder studies of BBA have shown that as much as 10% can 227 
be semi-refractory,71 and thus our fCl reported may be a slight under prediction. The 228 
initial particle composition of the smoke varied from burn-to-burn but there were some 229 
trends based on the fuel burned. Burning sawgrass produced the aerosol with the highest 230 
fCl, 0.32. Burning cutgrass could also generate high fCl aerosol, but in one instance had a 231 
very low fCl of 0.03. Birch-wood smoke consistently had the lowest chloride content with 232 
fCl = 0.01, with one exception where fCl = 0.09. It should be noted however, that although 233 
the birch wood had low chloride content, other parts of the plant that we did not burn 234 
may have contained elevated chloride concentrations. The chloride-enriched greens of 235 



trees, which are readily burned in wildfires, can produce higher concentrations of 236 
chloride when burned than the lignin-rich wood72,73. This upper limit of fCl ~30% is in 237 
good agreement with the highest reported fCl by Levin et al. who analyzed fresh BBA 238 
from a variety of fuels18. Ambient measurements of aged smoke thought to be influenced 239 
by biomass burning report lower fCl values of less than 1%74. However, this aged aerosol 240 
was mixed with non-BBA, and had experienced significant chemical and photochemical 241 
processing, including the displacement of HCl by HNO3 and H2SO461. In addition to 242 
particle composition, Table S1 also lists the relative humidity in the chamber at the time 243 
of the aerosol measurement. The effects of relative humidity will be discussed in greater 244 
detail in the context of the gas-phase measurements in Section 3.3. 245 
 246 

3.2. Production of N2O5 and ClNO2 in biomass-burning smoke 247 
N2O5 was produced rapidly in all our biomass smoke chamber experiments from 248 

the nascent smoke following the injection of ozone at t = 0, but exhibited a wide degree 249 
of variability. We show in Figure 2a the concentration of N2O5 formed during various 250 
experiments using authentic smoke or ammonium bisulfate control aerosol. The 251 
formation of N2O5 in a biomass-burning plume is not necessarily a given. If there is 252 
sufficient ozone in excess of NO, the NO3 radical produced by reaction of O3 with NOx 253 
can also react rapidly with volatile organic compounds (VOCs), which are abundant in 254 
biomass-burning plumes19 and may out-compete reaction with NO2 (R2), and thus limit 255 
the formation of N2O5. However, for similar amounts of O3 and NOx, a similar amount of 256 
N2O5 was produced for both ammonium bisulfate experiments, which were devoid of 257 
volatile organic compounds. N2O5 production does not appear to be impeded by the 258 
presence of the organic vapors emitted in the smoke and transported through the eductor 259 
diluters to the chamber. Gas-phase organic nitrates detected by the UW-CIMS instrument 260 
did not support NO3 reactions with VOCs to be a major sink (e.g. >20%) of N2O5 in these 261 
experiments. It is possible that efficient reaction of N2O5 on chamber walls was a major 262 
component of the NO3 sink term, weakening a sensitivity to NO3 chemistry. 263 

Using the UW-CIMS we measured the maximum amount of N2O5 observed to 264 
vary by more than 60%, and also variation in the temporal trends of N2O5 formation and 265 
loss for different fuels and experiments (Figure 2a). This variability was likely due to 266 
different initial concentrations of NOx and ozone in the chamber (listed in Table S1), 267 
variability in the organic vapors emitted, as well as the 10 minute mixing time associated 268 
with the 12 m3 smog chamber volume. At t = ~0.5 hour, the N2O5 concentrations began 269 
to decrease for two likely reasons: 1) production of N2O5 decreases due to consumption 270 
of the precursors NOx and O3; 2) N2O5 is also being lost by uptake to the particles and 271 
chamber walls, where it may decompose and liberate NOx, or be converted to either 272 
HNO3 or ClNO2 75,76. Different concentrations of particles present in the chamber will also 273 
affect the probability that a N2O5 molecule will collide with a particle versus the smog 274 
chamber wall. 275 
 If N2O5 is converted to ClNO2 in the aerosol aqueous phase following reactive 276 
uptake, ClNO2 rapidly partitions into the gas phase. Figure 2b shows the concentration 277 
of ClNO2(g) measured by the UW-CIMS. ClNO2 is stable in the dark smog chamber, and 278 
thus has no significant sinks in these experiments. As seen in Figure 2b, the concentration 279 



of ClNO2 only increases, unless the UV lights in the smog chamber are turned on. To 280 
illustrate the effect of the sunlight on the system, UV lights were turned on at t = 1 hour 281 
for a birch experiment, shown in Fig 2. The N2O5 photolyzes very rapidly, due to 282 
photolysis of NO3 and its equilibrium with N2O5 (R3), but the ClNO2 dissociates much 283 
slower. We confirmed the representativeness of the N2O5 traces shown in Figure 2 by 284 
injecting NO2 and O3 into the smog chamber without any particles; the N2O5 285 
concentration had a similar temporal profile to the experiments with BBA. In all 286 
experiments N2O5 initially increased following the reaction of NOx with O3, and then 287 
gradually decreased while ClNO2 increased. 288 
 Figure 2b shows that smoke from sawgrass (red) and cutgrass (green) generate 289 
more ClNO2 than smoke from birch wood (purple) or ammonium bisulfate seed aerosol 290 
(black). We did observe the formation of ClNO2 in nominally chloride-free control 291 
experiments: the ammonium bisulfate seeded experiments (Figure 2), and in aerosol-free 292 
experiments (not shown). This is presumably due to chloride that was already present on 293 
– or subsequently partitioned to – the smog chamber walls. The effect of injecting 294 
biomass-burning emissions resulted in a higher concentration of ClNO2 being formed 295 
than what was observed when similar amounts of N2O5 precursors (NOx + O3) were 296 
injected in the control experiments (ammonium bisulfate aerosol or aerosol free) without 297 
biomass-burning emissions. This is apparent in Figure 3, where the ordinate axis shows 298 
the amount of ClNO2 formed, normalized by the maximum N2O5 the was observed for a 299 
given experiment. The grey markers, representing ammonium bisulfate seeded 300 
experiments, are all lower than the other markers, representing the biomass burning 301 
experiments.  The nominally chloride-free ammonium bisulfate experiment (maximum 302 
N2O5 = 1.05 ppbv) had a ClNO2 concentration of 28 pptv after 1.7 hours, whereas the dry 303 
birch smoke experiment (maximum N2O5 = 1.06 ppbv) had 68 pptv of ClNO2 after 1.7 304 
hours. 305 
 In Figure 3 we plot the normalized, maximum ClNO2 concentration observed as a 306 
function of fCl, the maximum (initial) particulate chloride non-refractory mass fraction. 307 
Using fCl reveals the effect of particle composition rather than the effect of total particle 308 
mass concentration on the production of ClNO2. Furthermore, we normalized the 309 
maximum ClNO2 by the maximum N2O5 observed to reduce the influence of simply 310 
having more ClNO2 precursor available for reaction, caused by variability in the initial 311 
concentrations of NOx, O3, and VOCs (that scavenge NO3) in the nascent smoke. As 312 
ClNO2 has no sinks in the dark smog chamber, its maximum concentration is equivalent 313 
to the total ClNO2 production. Figure 3 reveals a positive though weak correlation 314 
between initial particle chloride content and ClNO2 produced. Given the variability in 315 
experimental conditions associated with biomass burning aerosol composition and 316 
emissions19,53, the correlation across multiple fuels and relative humidity conditions is 317 
noteworthy. Normalizing by the maximum N2O5 shows a similar trend as using the time 318 
integrated N2O5, however changes in the sinks of N2O5 during an experiment (e.g. UV 319 
lights, adding water, particles, etc.) can change the integrated N2O5, after the majority of 320 
the ClNO2 has been formed. Thus, for the best simplest comparison, we normalized the 321 
ClNO2 by the maximum N2O5, which we believe best represents the N2O5 production, as 322 



opposed to normalizing by the integrated N2O5 value which represents the sum of the 323 
N2O5 production and variable sinks. 324 

Even aerosol systems with low-chloride content (fCl = 0.01), such as the birch-325 
wood smoke, may result in an enhanced formation of ClNO2 relative to what we 326 
observed from chloride-free aerosol experiments. With increasing fCl, there is an increase 327 
in ClNO2 produced per N2O5 molecule available for reaction. For biomass burning 328 
experiments, a linear regression fit results in an R2 = 0.27 (ClNO2/N2O5-max = 0.4*fCl + 329 
0.067). For this fit we have excluded experiments which did not have the requisite data 330 
due to lack of instrument availability, and one sawgrass experiment that had much lower 331 
particle surface area relative to other burns. Lack of particle surface area may result in an 332 
increased effect of N2O5 interacting with the chamber walls, instead of the smoke 333 
particles. With this analysis, we have directly demonstrated in the laboratory that 334 
biomass-burning plumes may be a source of both atmospheric N2O5 and ClNO2, and that 335 
the efficacy with which N2O5 is converted to ClNO2 is correlated with the particulate 336 
chloride mass fraction, fCl. 337 
 One limitation of smog chamber experiments is the potential for reactants to 338 
interact with the smog chamber walls. In an ideal experiment, N2O5 would only be lost 339 
by thermolysis (R3) or by reactive uptake on the particles (R4), as occurs in the 340 
atmosphere. This would allow us to directly calculate γN2O5 of the BBA using just the 341 
measured particle surface area and loss rate of N2O5(g). An accurate measurement of 342 
γN2O5 would in turn allow for a precise calculation of φClNO2 from the observed increase 343 
in ClNO2(g). However, for our experimental conditions it appears that the loss of N2O5 344 
was strongly influenced by interactions with the chamber walls. We confirmed this by 345 
injecting NO2 and O3 into the smog chamber without any particles; the N2O5 346 
concentration had a similar temporal profile to the experiments with BBA. From this we 347 
conclude that the N2O5 was diffusing to the walls and being taken up with some 348 
efficiency, which in turn may produce some ClNO2 from whatever chloride salts exist on 349 
the smog chamber walls from past experiments. While the aerosol-free experiments and 350 
ammonium bisulfate experiments do allow us to calculate the γN2O5 and φClNO2 for 351 
reactions of N2O5 with the chamber walls, to do so requires detailed modeling of the gas-352 
phase kinetics and turbulent transfer to the chamber walls. This will be the subject of a 353 
future manuscript. Here we draw some conclusions about γN2O5  and φClNO2 by comparing 354 
with the ammonium bisulfate experiments, for which these heterogeneous kinetics have 355 
been well-characterized7,25,69.  356 

We compare the evolution of N2O5 and ClNO2 for the BBA smoke experiments to 357 
the experiments where deliquesced ammonium bisulfate aerosol was injected into the 358 
smog chamber. In Figure 2a the ammonium bisulfate experiments are shown in grey, and 359 
we see that for a similar particle surface area as the biomass burning experiments, there 360 
is a much faster N2O5 decay at t = 0.4 hours. We do not differentiate between humidified 361 
and non-humidified biomass-burning aerosol for this comparison because in both cases 362 
the γN2O5 for the biomass burning experiments must be much smaller than that known for 363 
the deliquesced ammonium bisulfate (γN2O5 = 0.0369), otherwise we would see a similarly 364 
fast decay in those experiments. The reactive uptake of N2O5 on BBA is likely 1-2 orders 365 
of magnitude lower than on NH4HSO4(aq), similar to that observed for secondary organic 366 



aerosol proxies (1.5 x 10-4)25,29. Humidification of the BBA did not significantly accelerate 367 
the reactive uptake of N2O5, even though particulate water content is an important driver 368 
of γN2O5 based on prior studies using inorganic and organic aerosol particles.7,25,28 BBA 369 
contains organic compounds that may inhibit reactive uptake of N2O5 by reducing the 370 
availability of water at the gas-particle interface, but also contains significant amounts of 371 
hygroscopic inorganic salts (such as KCl and NH4Cl, and nitrates) whose associated 372 
water content would facilitate the uptake of N2O5 and formation of ClNO2. The inferred 373 
small γN2O5 also confirms that the φClNO2 of the BBA may be significant given that the 374 
absolute ClNO2 concentration increases significantly over the ammonium bisulfate 375 
experiments, despite fewer molecules of N2O5 being taken up per collision by the BBA 376 
compared to the ammonium bisulfate.  377 
 378 

3.3. Chloride displacement by nitric acid in BBA 379 
We explored the effect of relative humidity, and thereby particulate water 380 

concentration, on the uptake of N2O5 and production of ClNO2 by BBA. Although an 381 
aqueous phase is necessary to produce ClNO2, water uptake will also reduce the 382 
concentration of chloride in the particles. This can favor the production of HNO3 (R6) 383 
versus ClNO2 (R7) through N2O5 hydrolysis as the Cl- reactant and the nitrate effect (R5) 384 
are both diluted7.  385 

Figure 4 shows the effect of injecting steam into the smog chamber on particle 386 
composition. Starting at t = 0.6 hours, particulate chloride decreased as we increased the 387 
relative humidity. However, we saw no change in the rate of ClNO2 formation, and thus 388 
we believe we are observing a rapid hydrochloric acid displacement reaction (R8). This 389 
would explain the rapid loss of chloride and increase of particulate nitrate without the 390 
subsequent enhanced production of ClNO2. However, the N2O5 concentration did not 391 
decrease substantially in response to the particulate nitrate increase, which suggests that 392 
the displacement of HCl(g) was induced at least in part by another mechanism. Acid 393 
displacement of Cl- as HCl(g) through uptake of the stronger acid HNO3(g) directly, 394 
rather than by HNO3(aq) generated through uptake of N2O5(g), is another chloride-395 
nitrate substitution mechanism that was likely occurring77–79. It should be noted that in a 396 
biomass-burning plume, any displaced HCl(g) may still become neutralized by NH3(g), 397 
which is also emitted from burning biomass, and condense as NH4Cl 18,80–82. This chloride 398 
would then again be available for heterogeneous displacement through uptake of N2O5 399 
or HNO3. 400 

As shown in Figure 4, even a modest increase in relative humidity can cause a 401 
rapid increase in particulate nitrate and decrease in particulate chloride. Figure 5 shows 402 
the effect of a relative humidity ramp on the particulate chloride mass fraction, fCl. 403 
Markers are colored according to particle type, consistent with Figure 3. Marker symbols 404 
indicate if the reported measurement was taken before (hexagons) or after (bow ties) the 405 
steam injection. In some cases the smog chamber was pre-humidified, or steam was never 406 
injected, and thus for those two cases both markers for the same experiment will be at the 407 
same RH. Cutgrass and sawgrass both saw significant, but incomplete, reductions in 408 
particulate chloride. After humidification, between 40 and 76% of particulate chloride 409 
was displaced into the gas-phase. We also observed that a higher fCl prior to acid 410 



displacement resulted in a higher fCl following acid displacement. For example, two 411 
experiments, one with sawgrass smoke and the other with cutgrass smoke, started with 412 
an initial fCl = 0.110 ± 0.005 and after humidification decreased to a final fCl = 0.037 ± 413 
0.007. However, a birch burn that began with an initial fCl = 0.009 decreased after 414 
humidification to fCl = 0.006. Although in both cases the reduction in fCl was about 60% 415 
of the initial value, the remaining particulate Cl appears to still be active for ClNO2 416 
production, as indicated by experiments that were pre-humidified (“wet” in Figure 3). 417 
 We investigated a relative humidity of up to 60%, but we did not observe any 418 
further chloride displacement beyond what was observed at 10% RH. This incomplete 419 
displacement of Cl- suggests that the displacement was limited by the availability of 420 
HNO3(g or aq) that forms in the smoke aerosol. An alternate explanation is that the Cl- 421 
that was not displaced was effectively encapsulated by black carbon or other particulate 422 
components, and therefore not available for reaction. However, if this Cl- was unavailable 423 
for acid displacement by HNO3, then it would also be unavailable for ClNO2 formation. 424 
ClNO2 formation appears to be consistent with the observed particulate Cl- content, 425 
regardless of whether it has undergone acid displacement (Figure 5). The triangle 426 
markers in Figure 3 indicate experiments where the particles were humidified before 427 
ClNO2 formation. These markers follow the same trend, increasing ClNO2/N2O5-max with 428 
increasing fCl, as other low-fCl aerosol systems, independent of relative humidity. This 429 
demonstrates that after acid displacement, the nitrate effect is not strongly inhibiting 430 
N2O5 uptake, and that although some of the particulate chloride does not become 431 
displaced by HNO3, it is still available for the formation of ClNO2. AMS measurements 432 
of particle composition show that the change in moles of chloride versus the change in 433 
moles of nitrate is -0.89 ± 0.42 (Figure S1). For reference, the stoichiometry of reaction R8 434 
would result in a slope of -1. 435 

Now that we have confirmed that N2O5 and ClNO2 can be readily produced under 436 
nocturnal conditions in biomass-burning plumes with the addition of ozone, despite the 437 
competing nitrate radical loss by VOCs and chloride loss by acid displacement, future 438 
work will focus on kinetic modeling to quantify the N2O5 wall loss in these experiments. 439 
This will enable the calculation of the reactive uptake probability of N2O5 (γN2O5) and the 440 
yield of ClNO2 (φClNO2) for the biomass-burning aerosols we tested, and how these vary 441 
with particle composition and relative humidity. These are the key parameters that have 442 
previously been implemented in chemical transport models to study the impact of N2O5 443 
uptake and chlorine activation chemistry on the atmospheric oxidant budget. These 444 
models can then be used to estimate the impact of the N2O5 and ClNO2 formation that, 445 
based on these new findings, are likely to occur substantially during nocturnal processing 446 
of biomass-burning plumes83,84.  447 
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Figure 1. Experimental setup for biomass-burning aerosol smog chamber experiments. The CMU 
smog chamber was filled with precursors for N2O5 formation, either from biomass burning or from 
a compressed gas cylinder. Gas and particle phase instrumentation sampled air from the chamber 
reactor whose relative humidity was adjusted using steam. A high flow rate and short sampling 
line was used for the CIMS to reduce losses of reactants in the tubing.  

 

 
 

 

 

 



 

 

  

Figure 2. Production of N2O5(g) and ClNO2(g), measured by the UW-CIMS, during dark 
chamber aging of biomass-burning aerosol or ammonium bisulfate control aerosol 
under varying RH conditions. Panel a) shows the formation of N2O5 for chamber 
experiments with different particle types. Panel b) shows the formation of ClNO2. Grass 
burns appear to generate the most ClNO2, but they also tend have the most N2O5 
available to be converted. The trace color corresponds to the type of aerosol present, 
with replicate experiments of the same aerosol type shown by different line styles of the 
same color. 

 

 

  



 

 

Figure 3. The ratio of the maximum concentration of ClNO2(g) to the maximum 
concentration of N2O5(g) measured in each experiment, versus the chloride fraction of 
non-refractory particulate mass (fCl). The symbol shape corresponds to the relative 
humidity level in the chamber when the measurements were made. “Dry then wet” 
indicates that water vapor was injected into the initially dry chamber later in the 
experiment. 

 

 

 



 
 

  

Figure 4. Gas and particle-phase time series for one exemplary biomass burning 
experiment using sawgrass where relative humidity was increased 30 minutes after O3 
had been injected into the smoke-filled chamber. The top panel shows the gas 
concentrations of O3 and NO2. The middle panel shows the mass concentrations of 
particulate nitrate and chloride measured by the SP-AMS, and the relative humidity (RH) 
in the chamber. The bottom panel shows the gas concentrations of N2O5 and ClNO2 (x10) 
measured by the UW-CIMS. 
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Figure 5. Chloride fraction of non-refractory particulate mass (fCl) as a function of 
chamber relative humidity. Hexagons indicate measurements taken at the beginning of 
the experiment, and bowties mark measurements at the end of the experiment. In some 
experiments steam was injected into the chamber to increase the relative humidity 
increase and fCl generally decreased. Color corresponds to the aerosol type present, as 
in Fig. 3. 

 

 

 


