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Abstract 1 

 The uptake of gaseous organic species by atmospheric particles can be affected by the 2 

reactive interactions among multiple co-condensing species, yet the underlying mechanisms 3 

remain poorly understand. Here, the uptake of unary and binary mixtures of glyoxal and 4 

pinanediol by neutral and acidic sulfate particles is investigated. These species are important 5 

products from the oxidation of volatile organic compounds (VOCs) under atmospheric 6 

conditions. The uptake to acidic aerosol particles greatly increased for a binary mixture of 7 

glyoxal and pinanediol compared to the unary counterparts. The strength of the synergism 8 

depended on the particle acidity and water content (i.e., relative humidity). The greater uptake 9 

was up to 2.5× to 8× at 10% RH for glyoxal and pinanediol, respectively. At 50% RH, it was 2× 10 

and 1.2× for the two species. Possible mechanisms of acid-catalyzed cross reactions between the 11 

species are proposed to explain the synergistic uptake. The proposed mechanisms are applicable 12 

to a broader extent across atmospheric species having carbonyl and hydroxyl functionalities. The 13 

results thus suggest that synergistic uptake reactions can be expected to significantly influence 14 

the gas-particle partitioning of VOC oxidation products under atmospheric conditions and thus 15 

greatly affect their atmospheric transport and lifetime.  16 
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1. Introduction 17 

Atmospheric particles play significant roles in climate, air quality, and human health.1–3 18 

Particles can be formed through in situ nucleation of gas vapors in the atmosphere or directly 19 

emitted to the atmosphere from sources.4,5 Once particles are formed, condensational growth 20 

from gas vapors in the atmosphere can take place, and additional chemistry can occur inside the 21 

particles, leading to the depletion of gas-phase species and thereby providing a thermodynamic 22 

driving force for the deposition of additional reactants from the gas phase, further growing the 23 

particles.6–8 This uptake of gas-phase species into the particle phase and the subsequent particle-24 

phase chemical reactions not only affect the mass concentration of organic particulate matter but 25 

also can greatly alter important physical properties of atmospheric particles, such as size, optical 26 

properties, and surface tension.9–11 Despite the importance of particle-phase chemical reactions 27 

to these properties, a comprehensive understanding of these processes is still lacking due to the 28 

chemical complexity of the gas-phase molecules and the numerous possible reactions that could 29 

occur in the particle phase.12,13  30 

The uptake of a gaseous organic species by particles can be described by an uptake 31 

coefficient that incorporates processes including gas-phase diffusion, surface mass 32 

accommodation, interfacial mass transport, and particle-phase diffusion and reactions.14–16 33 

Interactions between the original gas-phase species and the species in the particles, such as in-34 

particle chemical reactions, can further shift partitioning and uptake from the gas to the particle 35 

phase, thereby leading to enhanced uptake.17,18 Laboratory studies, focusing on the uptake of one 36 

single species such as ozone, ammonia, and organic compounds (e.g., glyoxal, pinonaldehyde, 37 

levoglucosan, and dicarboxylic acid), have provided a fundamental understanding on the uptake 38 

of gas species by particles.19–28 However, atmospheric uptake usually occurs in the presence of 39 
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hundreds of organic species, rather than just a single compound. These accumulated species, 40 

which are relatively isolated from one another in the gas phase, become concentrated in the 41 

particle phase. They may thereby undergo chemical reactions in the particle phase that would be 42 

much slower in the gas phase. Whether and how the molecular and reactive interactions among 43 

multiple co-existing organic compounds affect gas-particle partitioning and uptake processes 44 

remain unclear.  45 

The study herein focuses on the uptake of unary and binary mixtures of glyoxal and 46 

pinanediol by neutral and acidic sulfate particles. These species are important products from the 47 

oxidation of volatile organic compounds (VOCs) under atmospheric conditions. The global 48 

production of glyoxal as a C2 product from the atmospheric oxidation of longer-chain VOCs, 49 

such as isoprene, other biogenic precursors, and anthropogenic species, is high (e.g., estimated as 50 

45 Tg yr-1).29 Structurally, glyoxal is a dicarbonyl compound with the possibility to facilely 51 

hydrate in the presence of water and become a tetra-hydroxyl compound. For these reasons of 52 

occurrence and reactivity, glyoxal can be regarded as one of a handful of uniquely important 53 

atmospheric molecules in respect to gas-particle uptake.29–32 A key question is if its uptake can 54 

be further enhanced by possible synergistic reactions with the plethora of other atmospheric 55 

gaseous organic species that are abundant in type yet each individually of lower concentration 56 

than glyoxal. Pinanediol, a prominent oxidation product of α-pinene, is taken in this study as a 57 

prototypical example that may substantially enhance glyoxal uptake and thus overall production 58 

of organic particulate matter. More specifically, this model system of glyoxal and pinanediol is 59 

explored herein as broadly representative of possible synergisms in the uptake processes to 60 

atmospheric particles over tropical or boreal forests under the influence of upwind anthropogenic 61 

emissions that contribute to atmospheric concentrations of sulfate particles.  62 
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2. Experimental 63 

The experimental setup consisted of four major components (Figure 1): particle 64 

generation, organic reactant volatilization, chamber for the reactive uptake, and particle-phase 65 

analytical measurements.  66 

2.1 Particle Generation 67 

Inorganic particles were aerosolized by a Model 3076 constant output atomizer (TSI Inc., 68 

Shoreview, MN). A solution of ammonium bisulfate (Sigma-Aldrich, >99.5% purity; 0.1 g L-1) 69 

was atomized for the experiments that used acidic particles. A solution of ammonium sulfate 70 

(Sigma-Aldrich, >99.0% purity; 0.1 g L-1) was used for the experiments that employed neutral 71 

particles.  72 

2.2 Volatilization of Organic Reactants 73 

Gas-phase reactants of glyoxal, pinanediol, and the binary mixture of glyoxal and 74 

pinanediol were produced by a syringe-nebulizer-evaporation system. An aqueous solution 75 

containing the reactants was pushed through a nebulizer (Meinhard A3, PerkinElmer Inc., 76 

Waltham, MA) by a syringe pump (Fusion 200, Chemyx Inc., Stafford, TX; liquid flow rate of 77 

85.80 μL h-1) at a pure-air flow rate of 0.7 L min-1. The nebulized molecules were further diluted 78 

by a flow of zero air (4.3 L min-1), thereby accelerating evaporation into the gas phase. For the 79 

experiments that employed only glyoxal as the gas-phase reactant molecule an aqueous solution 80 

of glyoxal, prepared as 2 g L-1 from a 40 wt% commercial solution (Sigma-Aldrich), was 81 

nebulized. Glyoxal was below its aqueous solubility of 100 g L-1 (NTP 1992). The prepared 82 

concentration was also below the polymerization threshold.33,34 For experiments that used only 83 

pinanediol as the gas-phase reactant molecule an aqueous solution of (-)-pinanediol, prepared as 84 

2 g L-1 from commercial crystals (≥99.0% purity, Sigma-Aldrich), was nebulized and 85 
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evaporated in the system. Pinanediol, for which no reliable solubility value could be found, was 86 

observed to fully solubilize in the prepared solution. In the case of the experiments that 87 

employed binary mixtures of glyoxal and pinanediol, an aqueous solution of glyoxal and 88 

pinanediol was used (2 g L-1 of each). The gas-phase concentrations of the individual species of 89 

the binary mixture were thus the same as their unary counterparts.  90 

After nebulization, the gas-phase concentrations of glyoxal and pinanediol were not 91 

directly measured. Instead, the gas-phase concentration of these species inside the reactor 92 

(section 2.3) was estimated based on mass balance with the nebulized solution and subsequent 93 

gas-phase dilution. The calculated pinanediol concentration was 20 ppb, which was lower than 94 

its gas-phase saturation concentration (293 ppb). Similarly, the calculated glyoxal concentration 95 

was 58 ppb, which was also below its gas-phase saturation concentration of 4.3 ´ 107 ppb. There 96 

should thus be no new particle formation within the apparatus. Glyoxal can undergo wall loss in 97 

the apparatus,35 and the calculated concentrations are thus upper limits (Table S1).  98 

2.3 Reactive Uptake Chamber  99 

After the gas-phase species were nebulized and the particles were aerosolized, the 100 

individual flows were mixed. The gas flow of 0.78 L min-1 and the particle flow of 2.42 L min-1 101 

were combined in a continuously mixed flow reactor (CMFR), in which uptake occurred. The 102 

reactor, which was a 22-L round-bottom glass flask, was placed in a temperature-controlled 103 

room at 20 °C. The residence time inside the CMFR was 390 s. The sampling line from the 104 

CMFR to the analytical instrumentation was Teflon tubing (outer diameter of 6.35 mm, length of 105 

1 m). The estimated transit time through the tubing was 0.5 s. Relative humidity (RH) and 106 

temperature inside the CMFR were monitored by a Rotronic Sensor (Bassersdorf, Switzerland). 107 

The RH was controlled by a custom-built feedback control Nafion dry-wet air exchange system.  108 
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In individual experiments, the uptake of the gas-phase organic molecules by the initially 109 

organic-free sulfate particles was conducted for 3 to 12 h. After 2 h of spin up, quantities 110 

measured by all instrumentation became stable. The results presented herein were analyzed for 111 

the steady-state conditions of each experiment. When changing among the experiments, the 112 

chamber was flushed with zero air for 2 days. 113 

2.4 Analytical Instrumentation  114 

The outflow of the CMFR passed through the sampling lines to analytical 115 

instrumentation. The number-diameter distribution of the particle population was measured by a 116 

Scanning Mobility Particle Sizer (SMPS; Model 3080, TSI Inc., Shoreview, MN). The mode 117 

diameter of the aerosolized particle population was 60 to 70 nm, and uptake of the organic 118 

molecules did not significantly change the particle diameters (Figure S1). The chemical 119 

composition of the aerosol particles was analyzed with an Aerodyne Aerosol Mass Spectrometer 120 

(HR-ToF-AMS, Aerodyne Research Inc., Billerica, MA).36 The ratio of the mass concentration 121 

of organic tracer ions to that of inorganic species remained <2% for all uptake experiments 122 

(Tables S2 and S3). The AMS data analysis was performed in Igor Pro (WaveMetrics Inc., Lake 123 

Oswego, OR) using the Aerodyne SQUIRREL (v1.56D) and PIKA (v1.15D) toolkits. The 124 

ionization efficiency of the AMS was calibrated using particles of ammonium nitrate (Sigma-125 

Aldrich, ≥99.0% purity). Mass concentrations were based on relative ionization efficiencies of 126 

1.4 and 1.2 for organic and sulfate species, respectively, and a collection efficiency of unity.  127 

3. Results  128 

Figure 2 shows an example of the time series of tracer ions for glyoxal and pinanediol 129 

during an uptake experiment for both acidic and neutralized sulfate particles. The time series is 130 

divided into three panels with respect to exposure to gas-phase species. A detailed description for 131 
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the identification of tracer ions is presented in the Supplemental Information (Text S1). In brief, 132 

the tracer ions were identified by comparing the particle-phase signal intensities in the 133 

experiments with and without the exposure of the gas-phase organic species. For the unary 134 

uptake of glyoxal by ammonium bisulfate particles, there was a large increase in the signal 135 

intensity at m/z 58 (C2H2O2+) as compared to the blank condition (Figure S2). The same tracer 136 

ion has been previously used in the literature to track glyoxal uptake.37 For the unary uptake of 137 

pinanediol by ammonium bisulfate particles, a peak was observed at m/z 91, while no 138 

contribution at m/z 58 was observed. No contribution at m/z 91 was observed for these glyoxal-139 

only experiments. Therefore, the signal intensity of the C2H2O2+ ion traces the uptake of glyoxal 140 

while the signal intensity of the C3H7O+ ion traces the uptake of pinanediol.  141 

For Figure 2I-a, gas-phase glyoxal was added into the CMFR in the presence of the 142 

ammonium bisulfate particles. During this period, the average mass concentration of the 143 

C2H2O2+ ion (glyoxal tracer, shown in green) was 0.11 ± 0.02 µg m-3 whereas the average mass 144 

concentration of the C3H7O+ ion (pinanediol tracer, blue) was 0.006 ± 0.002 µg m-3. The latter is 145 

close to the background level. For Figure 2I-b, there was no exposure to glyoxal and only 146 

exposure to gas-phase pinanediol. The average mass concentration of the C2H2O2+ ion decreased 147 

to the background level (< 0.01 µg m-3) whereas the average mass concentration of the C3H7O+ 148 

ion increased to 0.03 ± 0.02 µg m-3.  149 

For Figure 2I-c, there was a binary mixture of glyoxal and pinanediol in the gas phase at 150 

similar concentrations to the unary exposures (Table S1). In the particle phase, the average mass 151 

concentration of the C2H2O2+ ion increased to 0.39 ± 0.03 µg m-3, which was up to 4× higher 152 

than in the experiments with glyoxal alone (panel a). The average mass concentration of the 153 

C3H7O+ ion increased to 0.07 ± 0.03 µg m-3, which was up to 3× higher than in the experiments 154 
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with pinanediol alone (panel b). These results thus show that the uptake was much greater for 155 

both glyoxal and pinanediol in the case of a binary mixture compared to the unary counterparts. 156 

This conclusion holds for acidic ammonium bisulfate particles. In contradistinction, there was no 157 

synergistic effect for similar experiments that employed neutral ammonium sulfate particles 158 

(Figure 2II-a,b,c) (Table S2), thus highlighting the importance of acidity in modulating the 159 

amount of uptake of gas-phase organic molecules.  160 

The possible role of wall loss in the interpretation of the experimental results can be 161 

considered. In CMFR operation, species concentrations on walls can saturate, and further wall 162 

loss can diminish. Even so, glyoxal and pinanediol may have different affinities for the walls,35 163 

as reflected in Figure 2 that the characteristic time required to reach steady state differs for the 164 

pinanediol and glyoxal tracers. Regardless of the extent of possible wall loss, however, the 165 

concentrations of glyoxal and pinanediol are expected to have the same value at steady state in 166 

both the unary and binary experiments because the same protocols were used regarding species 167 

generation and transport in the two sets of experiments, implying an equal extent of wall loss. 168 

The scientific interpretation herein is based on relative changes, so differences in wall loss and 169 

differences between actual concentrations and upper-limit concentrations (Table S1) do not 170 

complicate the scientific interpretation of the experiments. Wall loss does not affect the relative 171 

comparison of glyoxal uptake between the unary and binary experiments. 172 

Relative humidity (RH) has been reported to affect the uptake of gas-phase organic 173 

species through modulation of the acidity and ionic strength of the aqueous phase of 174 

particles.24,25,30,38–41 The effect or not of RH on synergistic uptake was therefore examined in the 175 

present study. Particle-phase water and pH were estimated using Extended AIM Aerosol 176 
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Thermodynamics Model II (Table S2 and Table S3).42 Concentrations of the inorganic species 177 

and the organic tracer ions in the particle phase are also listed Table S3.  178 

Figure 3a shows the concentration of the glyoxal C2H2O2+ tracer ion as a function of RH. 179 

In this set of experiments, ammonium bisulfate particles were exposed to no organic gas-phase 180 

species (i.e., blank, shown in black), glyoxal alone (orange), or a binary mixture of glyoxal and 181 

pinanediol (green). For the blank experiments, across the studied range of 10% to 50% RH the 182 

mass concentrations of the glyoxal tracer ion remained within background (Figure 3a). Upon 183 

exposure to gas-phase glyoxal (orange), the mass concentrations of the glyoxal tracer ion 184 

increased several fold, but this relative increase had no trend as a function of RH in the unary 185 

exposure (Table S3). There is some evidence in the literature supporting the observation of 186 

minimal effect of RH on glyoxal uptake,38 although previous reports on the role of RH and 187 

acidity on the magnitude of glyoxal uptake to particles did not conclusively determine the 188 

mechanism of uptake and in some cases reported conflicting results.24,30 189 

For the uptake of the binary mixture of glyoxal and pinanediol (green; Figure 3a), the 190 

average mass concentrations of the glyoxal tracer ion were greater than in the unary system for 191 

all RH (Table S3). The relative synergistic uptake of glyoxal, meaning the uptake in the binary 192 

compared to the unary experiments, was greater for the lower RH. More specifically, the 193 

increase in uptake increased from 2× at 50% RH to 2.5× at 10% RH. This trend with decreasing 194 

RH can be attributed to an associated decrease in the particle liquid water content (Table S3) and 195 

hence a stronger ionic strength as well as lower pH inside the particles. In other laboratory 196 

experiments, Jang et al.43 also observed a decrease in the uptake of gas-phase glyoxal by acidic 197 

particles at higher RH when 1-decanol was added to the gas phase. In the ambient environment 198 
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Shen et al.44 reported lower partitioning of glyoxal towards the particle phase at higher RH, 199 

possibly because of the co-existence of many hydroxyl-containing species.  200 

For comparison to glyoxal, Figure 3b shows the mass concentration of the pinanediol 201 

C3H7O3+ tracer ion as a function of RH. In this set of experiments, ammonium bisulfate particles 202 

were exposed to no organic gas-phase species (i.e., blank, shown in black), pinanediol alone 203 

(orange), or a binary mixture of glyoxal and pinanediol (green). The blank experiments 204 

confirmed that RH did not appreciably affect the background level of the pinanediol tracer ion. 205 

Upon exposure to unary gas-phase pinanediol (blue), the mass concentrations of the pinanediol 206 

tracer ion increased at higher RH (Table S3). This result differs from the result for glyoxal alone, 207 

for which the mass concentration of the glyoxal tracer ion remained unchanged for increasing 208 

RH (Figure 3a). The acid-catalyzed esterification of the pinanediol alcohol groups is expected to 209 

be slow,45 decreasing the relative importance of chemical reactions to the amount of observed 210 

uptake for the case of unary pinanediol exposure. The increase in pinanediol uptake might occur 211 

because of the increase of particle liquid water content at higher RH and the water solubility of 212 

pinanediol.46 213 

In the experiments that used the binary mixture of glyoxal and pinanediol (green; Figure 214 

3b), the average mass concentrations of the pinanediol tracer ion were greater in the binary 215 

mixture than in the unary system for all RH values, ranging from around 8× at 10% RH to 1.2× 216 

at 50% RH (Table S3). The relative synergistic uptake of pinanediol decreased by 6.8× from 217 

10% RH to 50% RH, as was likewise observed for glyoxal (Figure 3a). A further noteworthy 218 

observation is that the relative uptake trend of pinanediol with RH shifted, meaning an increasing 219 

trend for pinanediol alone compared to a decreasing trend for the binary mixture.  220 
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4. Discussion 221 

The synergistic results presented in the two panels of Figure 3 demonstrate an important 222 

role for organic-organic interactions in the uptake of glyoxal and by extension highlight the 223 

possibility of similar processes under atmospheric conditions. In this regard, organic chemical 224 

reactions can be an intricate series of sequential and parallel steps that depend on a range of 225 

reactions conditions. For glyoxal uptake by neutral to alkaline ammonium sulfate particles, 226 

glyoxal and ammonia reactions can take place to produce hydrated N-glyoxal substituted 227 

imidazole and hydrated imidazole-2-carboxaldehyde (Figure 4, pathway a).47–49 For acidic 228 

ammonium bisulfate particles, aqueous glyoxal can lead to the formation geminal diols 229 

(pathways b and c).30,50 This reaction can be followed further by hemiacetal/acetal polymer 230 

formation (pathway b) or glyoxal sulfate formation (pathway c).23,51 231 

The results presented herein showed synergism in the binary uptake of glyoxal and 232 

pinanediol by acidic sulfate particles. Understanding, quantifying, and modeling these 233 

synergistic organic-organic interactions can be complex. Corrigan et al.52 observed the cross-234 

reaction between glyoxal and alcohols for mildly acidic particles. Drozd et al.53 likewise reported 235 

interactions between alcohols and glyoxal in the acidic sulfate solutions. For the synergistic 236 

uptake observed herein, Figure 4 illustrates several possible reaction pathways d, e, and f 237 

involving the formation of hemiacetal and acetal intermediates that can contribute to the 238 

observed synergism. In these pathways, glyoxal can undergo an initial acid-catalyzed 239 

condensation reaction to produce an intermediate hemiacetal, and this species in turn can follow 240 

several different possible reaction pathways (e.g., pathways d, e, and f). Products of high 241 

molecular weight can result.  242 
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The relative importance of each pathway in Figure 4 is dependent upon factors such as 243 

the pH, temperature, and the relative ratios of glyoxal and pinanediol. At high concentrations of 244 

pinanediol, pathway d is favored. One molecule of glyoxal reacts with two or more molecules of 245 

pinanediol. Oligomeric acetal species of moderate molecular weight are produced. In some 246 

cases, these compounds may be stable, such as the bisacetal and the complex-adduct species. At 247 

high concentrations of glyoxal, pathway e is favored. Oligomers of high molecular weight and 248 

polymers of glyoxal can incorporate small amounts of pinanediol. When the concentrations of 249 

glyoxal and pinanediol are similar, linear co-polymers can be generated by pathway f.  250 

The AMS mass spectra for m/z >100 supports the foregoing interpretation. Higher 251 

intensities for ions of m/z > 100 are regarded in the AMS literature as general evidence for the 252 

presence of high-molecular-weight products in the sampled aerosol particles, as reported in 253 

Liggio et al.,25 De Haan et al.,54 Faust et al.,55 and Riva et al.56 The reason for this interpretation 254 

is that the AMS has an aggressive ionization scheme (i.e., 70 eV electron impact; EI) so that the 255 

detection of large fragments implies oligomeric or larger parent species. The AMS spectra can be 256 

compared for the uptake of (i) unary glyoxal, (ii) unary pinanediol, and (iii) binary glyoxal and 257 

pinanediol (Figure 5). There is a larger fraction of high-molecular-weight products for the binary 258 

case compared to either unary counterpart. This result supports the possibility that pathways like 259 

d, e, and f are active in the observed synergistic uptake. In the future, ultraviolet absorbance 260 

spectroscopy, electrospray-ionization mass spectrometry, nuclear magnetic resonance 261 

spectroscopy, and other complementary techniques can be recommended for gaining further 262 

information on the specific mechanisms and species responsible for the uptake synergism. 263 

The observed uptake in these laboratory experiments might represent a lower limit of the 264 

total synergistic potential under atmospheric conditions. The exposure times in the experiments 265 
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are significantly shorter than particle atmospheric residence time. The implication could be that a 266 

kinetic limitation on uptake prevails for the laboratory experiments whereas a thermodynamic 267 

regime of total potential uptake might be active for the longer timescales of atmospheric 268 

processes. The dominant regime of a kinetic or thermodynamic limitation for uptake of a gaseous 269 

species to a particle can be considered within the framework of resistor model.16,32,57.Within that 270 

framework, the diffusion of a molecule in the gas phase to the gas-particle interface, 271 

accommodation of the molecule into the particle surface region, possible chemical reactions 272 

within the surface region, and diffusion of the molecule from the surface region to the interior 273 

region of the particle do not appear to be rate-limiting in the present experiments (Section S2). 274 

Aqueous-phase chemical reactions, however, may occur more slowly than the CMFR residence 275 

time, implying in this case that the observed uptake could be in a kinetic regime. Similar (i.e., 276 

thermodynamic regime) or greater uptake (i.e., kinetic regime) compared to the laboratory 277 

experiments is thus expected for the longer interaction times of atmospheric processes. 278 

These results highlight that the uptake of the numerous different organic species to 279 

particulate matter in the atmosphere cannot in many cases be accurately treated as independent 280 

processes of each species but rather must instead consider synergistic interactions among the 281 

species. The results presented herein show that the uptake of a binary mixture of glyoxal and 282 

pinanediol to acidic aerosol particles is greater than that of their unary counterparts. The greater 283 

uptake suggests that synergistic cross-reaction mechanisms can enhance the uptake of glyoxal, 284 

which is a highly important atmospheric species of widespread occurence.43 To a broader extent, 285 

the reaction of carbonyl and hydroxyl groups within atmospheric acidic particles can also occur 286 

with other combinations of organic molecules.58,59 Whether or not these synergistic cross-287 

reaction mechanisms or other types of synergistic cross-reaction mechanisms occur in non-288 
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aqueous particles or organic-dominated particles and to what extent remains to be investigated. 289 

Ultimately, synergistic cross-reaction mechanisms, when present, can significantly influence the 290 

gas-particle partitioning of intermediate and semi-volatile organic compounds (I/SVOCs) and 291 

thus greatly affect their atmospheric transport and lifetime.18,44 Important physical properties, 292 

such as particle optical properties and cloud condensation nucleation activity, can also be greatly 293 

altered.48,49,60294 
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Figure 1. A schematic diagram of the experimental setup. Abbreviations: AMS, high-resolution 

time-of-flight aerosol mass spectrometer; SMPS, scanning mobility particle sizer. 

Figure 2. Time series plots demonstrating glyoxal and pinanediol uptake by (I) acidic sulfate 

particles and (II) neutral sulfate particles. (a) Uptake of glyoxal. (b) Uptake of 

pinanediol. (c) Uptake for a mixture of glyoxal and pinanediol at the same 

concentrations as panels a and b. Table S1 lists the gas-phase concentrations. Other 

conditions: ammonium bisulfate particle concentration, 37 ± 2 µg m-3; ammonium 

sulfate particle concentration, 75 ± 5 µg m-3. 

Figure 3. Dependence of uptake on relative humidity. (a) Glyoxal uptake by ammonium 

bisulfate particles for blank (i.e., absence of organic gas-phase species), unary 

glyoxal, and binary mixture of glyoxal and pinanediol. (b) Pinanediol uptake by 

ammonium bisulfate particles for blank, unary pinanediol, and binary mixture of 

glyoxal and pinanediol. The gas-phase concentrations are the same as in Figure 2. No 

experiment was conducted at 10% RH for unary pinanediol because of experimental 

difficulties. 

Figure 4. Proposed reaction mechanisms of synergistic glyoxal and pinanediol uptake by 

ammonium bisulfate particles. 

Figure 5. AMS organic mass spectra observed using (a) uptake of glyoxal, (b) uptake of 

pinanediol, and (c) uptake of a mixture of glyoxal and pinanediol to ammonium 

bisulfate particles. The gas-phase concentrations are the same as in Figure 2. 
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Supplemental material  1 

The supplemental material includes: Section S6 (tracer ion identification), Section S2 2 

(characteristic timescales of uptake processes), Table S1, Table S2, Table S3, Figure S1, and 3 

Figure S2. 4 

S7. Tracer ion identification 5 

Figure S1 shows the signal intensity for aerosol particles sampled by the AMS at m/z 58 6 

and m/z 91, identified here as tracer ions for glyoxal and pinanediol, respectively. The blank 7 

condition (black circles) corresponds to the injection of ammonium bisulfate particles to the 8 

CMFR in the absence of any organic gas-phase species. For this condition, there is no 9 

appreciable intensity at either m/z ratio, indicating no contribution at these m/z ratios by any 10 

other species in the absence of glyoxal and pinanediol. For the unary uptake of glyoxal (orange 11 

circles; gas-phase mixing ratio 58 ppb) by ammonium bisulfate particles, a large increase in the 12 

signal intensity at m/z 58 (C2H2O2+) is seen as compared to the blank condition. The same tracer 13 

ion has previously been used in the literature to track glyoxal uptake.1 No contribution at m/z 91 14 

was observed for these glyoxal-only experiments. For the unary uptake of pinanediol (blue 15 

circles; gas-phase mixing ratio 20 ppb) by ammonium bisulfate particles, a peak is observed at 16 

m/z 91, while no contribution at m/z 58 was observed. For the binary uptake of glyoxal and 17 

pinanediol (green circles; same gas-phase mixing ratios as their unary counterparts), appreciable 18 

signal intensity is seen at both m/z 58 and m/z 91, as expected. Notably, the signal intensities at 19 

both m/z 58 and m/z 91 increase in the binary mixture system, as compared to their unary 20 

counterparts, by factors of 3.7 and 2.3, respectively. 21 
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S8. Characteristic timescales of uptake processes 22 

As described in the main text, the extent of uptake observed under a certain set of 23 

laboratory conditions might be limited be either kinetic or thermodynamic factors. The uptake of 24 

gaseous species to the particle phase can be considered within the framework of five sequential 25 

steps: (i) diffusion of a molecule in the gas phase to the gas-particle interface, (ii) 26 

accommodation of the molecule into the particle surface region, (iii) possible chemical reactions 27 

within the surface region, (iv) diffusion of the molecule from the surface to the interior region of 28 

the particle phase, and (v) possible chemical reactions within the interior region of the particle 29 

phase.3 The characteristic timescale of the whole process is set by the limiting step.4,5 30 

Step i. 31 

The characteristic timescale τg for gas-phase diffusion is formulated as follows:3 32 

  (1) 33 

where Rp is the particle radius and Dg is gas diffusivity. At 25 °C and 1 atm, Dg is 1.9 ´ 10-5 m2 34 

s-1. For polydisperse particles in a typical experiment, where Rp ranges from 30 nm to 200 nm, tg 35 

ranges from 2.9 ´ 10-12 to 1.3 ´ 10-10 s, which is much less than τexp of 390 s. Thus, gas-phase 36 

diffusion is effectively instantaneous compared to the experimental exposure timescale and is not 37 

the limiting factor in the uptake process. 38 

Step ii. 39 

The characteristic timescale to achieve equilibrium at the gas-particle interface for 40 

soluble gases can be approximated as follows:3 41 

  (2) 42 

τ g =
Rp

2

4Dg

2
3

p H W
g p

R K M RTp
t

a- =
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where KH is the effective Henry’s law constant (mol L-1atm-1), MW is molecular weight of the gas 43 

molecules (g mol-1), and α is the accommodation coefficient. The accommodation coefficient 44 

typically ranges from 0.1 to 1.3 Depending on the solvent and its concentration, KH for glyoxal 45 

ranges from 3.6 ´ 105 to 2.3 ´ 108 mol L-1 atm-1 while KH for pinanediol ranges from 4.1 ´ 103 to 46 

5.2 ´ 107 mol L-1 atm-1.6 Therefore, the characteristic timescale for accommodation of these 47 

species at the surface of the particles is in the range of 5 ´ 10-4 to 22 s for glyoxal and 1 ´ 10-5 to 48 

9 s for pinanediol. These estimates indicate that Henry's law equilibrium is established at the 49 

interface during the experimental timescale of 390 s. 50 

Step iii. 51 

The characteristic timescale of diffusion within the particle phase can be estimated based 52 

on the size and the diffusivity of the particle, as follows:3  53 

  (3) 54 

where Dp is the particle diffusivity. The generation of ammonium bisulfate and ammonium 55 

sulfate particles by atomization of an aqueous solution results in initially liquid-phase particles. 56 

At 25 °C and 1 atm, the efflorescence RH of ammonium sulfate is in the range of 28% - 42% RH 57 

while ammonium bisulfate typically does not effloresce.7 Therefore, in the experimental 58 

conditions of this study (ammonium sulfate particles at 50% RH and ammonium bisulfate 59 

particles at RH ranging from 10%-50%), the particles remain in the liquid phase. The diffusivity 60 

of small molecules in concentrated salt particles is 1 ´ 10-10 m2 s-1 (e.g., 100% sulfuric acid)8 and 61 

the corresponding tp is less than 2.5 ´ 10-5 s, indicating that particle-phase diffusion is not a 62 

kinetic limitation during the experimental timescale.  63 

τ p =
Rp

2

πDp
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Step iv. 64 

The fast diffusion of the dissolved organic species calculated above indicates rapid 65 

mixing throughout the particle, and thus no significant concentration gradient develops inside the 66 

particle. Therefore, the localized surface reactions and aqueous bulk phase reactions are not 67 

distinguished in the estimate of chemical reactions herein. In a case for which Henry's law 68 

equilibrium is established and the reactants diffuse throughout the particle, the characteristic 69 

timescale of chemical reaction can be estimated based on the reaction rates of those proposed in 70 

the main text. In the case of unary glyoxal uptake, the characteristic timescale is the inverse of 71 

the reaction rate k of glyoxal with the ions in the initially organic-free sulfate particles. In the 72 

case of synergistic uptake, the characteristic reaction timescale of each species can be estimated 73 

by a second-order chemical reaction, as follows:  74 

  (4) 75 

where k is the rate coefficient for the reaction and Px is the partial pressure of the other reacting 76 

species. The product KH Px equals the concentration of the other species in the particle phase. A 77 

complication is that the specific rates of reactions proposed in this study are not known. 78 

Reactions of carbonyls and alcohols forming hemiacetals in bulk solution reach equilibrium at a 79 

time scale of 1 to 10 h depending on the acidity.9 These timescales are longer than the residence 80 

time of 390s in the CMFR. Particle-phase reactions, however, can be much faster than those in 81 

the bulk solution due to the high ionic concentrations reached inside particles. Further 82 

investigation is required to examine the reaction rate between glyoxal and alcohols in the particle 83 

phase. Slow aqueous-phase chemical reactions may not reach equilibrium during the 84 

experimental CMFR residence time of 390 s, implying in this case that the observed uptake 85 

could be in a kinetically limited regime. Similar uptake (i.e., in the thermodynamic region) or 86 

τ rxn =
1

kKHPx
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greater uptake (i.e., in the kinetic regime) compared to the laboratory experiments is thus 87 

expected for the longer interaction times of atmospheric processes.88 
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Table S1. Gas-phase-equivalent injected concentrations of glyoxal and pinanediol in the unary and binary systems. Section 2.3 

explains that the injected concentrations are upper limits because of possible wall loss; however, the relative concentrations 

in unary and binary experiments are expected to be the same because of similar experimental protocols and identical 

physical apparatus. 

 

Gas-phase 
species 

Unary 
glyoxal 
(ppbv)  

Unary 
pinanediol 

(ppbv) 

Binary glyoxal 
and pinanediol 

(ppbv) 

Glyoxal  58 N/A 58 

Pinanediol N/A 20 28 
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Table S2. Effect of acidity on the mass-normalized uptake of glyoxal and pinanediol tracers (C2H2O2+ and C3H7O3+, respectively) by 

sulfate particles in the unary and binary glyoxal and pinanediol systems. Particle-phase water and pH are estimated using 

Extended AIM Aerosol Thermodynamics Model II.2 *Neutral particles. **Acidic particles. 

 

Seed Particle 
Gas-Phase 
Organic 

Molecules 

Sulfate 
(µg m-3) 

Ammonium 
(µg m-3) 

Organic 
tracer 

(µg m-3) 

Water  
(µg m-3) pH 

Organic 
tracer 

: Sulfate 

Organic 
tracer 

 : (Sulfate + 
Ammonium) 

Organic 
tracer 

: (Sulfate + 
Ammonium + 

Water) 

Ammonium 
Sulfate* Unary Glyoxal 69.4 25.9 0.2 44.3 2.2 0.0029 0.0021 0.0014 

Ammonium 
Sulfate Binary Glyoxal 77.7 29.1 0.24 49.6 2.6 0.0031 0.0022 0.0015 

Ammonium 
Bisulfate** Unary Glyoxal 35.7 6.8 0.14 19.6 -1.5 0.0039 0.0033 0.0023 

Ammonium 
Bisulfate Binary Glyoxal 36.6 6.8 0.34 20.8 -1.6 0.0093 0.0078 0.0053 

Ammonium 
Sulfate 

Unary 
Pinanediol 78.2 29 0.053 49.9 2.37 0.00068 0.00049 0.00034 

Ammonium 
Sulfate 

Binary 
Pinanediol 77.7 29 0.049 49.58 2.62 0.00063 0.00046 0.00031 

Ammonium 
Bisulfate 

Unary 
Pinanediol 38.5 8 0.035 19.29 -1.43 0.00091 0.00076 0.00053 

Ammonium 
Bisulfate 

Binary 
Pinanediol 36.6 7 0.049 20.8 -1.57 0.00134 0.00113 0.00076 
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Table S3. Effect of relative humidity on the mass-normalized uptake of glyoxal and pinanediol tracers (C2H2O2+ and C3H7O3+, 

respectively) by acidic sulfate particles in the unary and binary glyoxal and pinanediol systems. Particle-phase water and 

pH are estimated using Extended AIM Aerosol Thermodynamics Model II.2  

 

RH 

(%) 

Gas-Phase Organic 

Molecules 

Sulfate 

(µg m-3) 

Ammoniu

m 

(µg m-3) 

Organic 

tracer 

(µg m-3) 

Water  

(µg m-3) 
pH 

Organic 

tracer 

: Sulfate 

Organic tracer 

: (Sulfate + 

Ammonium) 

Organic tracer 

: (Sulfate + Ammonium + 

Water) 

50 Unary Glyoxal 35.7 6.785 0.14 ± 0.05 19.62 -1.5 0.0039 0.0033 0.0023 

50 Binary Glyoxal 36.6 6.785 0.34 ± 0.04 20.80 -1.6 0.0093 0.0078 0.0053 

40 Unary Glyoxal 35.8 6.555 0.13 ± 0.03, 13.92 -2.0 0.0036 0.0031 0.0023 

40 Binary Glyoxal 36.5 6.555 0.39 ± 0.04 14.70 -2.0 0.0107 0.0091 0.0068 

30 Unary Glyoxal 36.3 7.015 0.12 ± 0.03 7.29 -2.5 0.0033 0.0028 0.0024 

30 Binary Glyoxal 37.6 7.13 0.4 ± 0.05 8.01 -2.5 0.0106 0.0089 0.0076 

20 Unary Glyoxal 35.3 6.785 0.13 ± 0.03 3.19 -2.9 0.0037 0.0031 0.0029 

20 Binary Glyoxal 36.6 6.9 0.43 ± 0.04 3.58 -3.0 0.0117 0.0099 0.0091 

10 Unary Glyoxal 33.9 6.44 0.19 ± 0.03 0.99 -3.3 0.0056 0.0047 0.0046 

10 Binary Glyoxal 36.5 7.36 0.55 ± 0.07 0.90 -3.0 0.0151 0.0125 0.0123 

50 Unary Pinanediol 38.5 7.82 0.035 ± 0.017 19.29 -1.4 0.0009 0.0008 0.0005 



6 
 

50 Binary Pinanediol 36.6 6.785 0.049 ± 0.016 20.80 -1.6 0.0013 0.0011 0.0008 

40 Unary Pinanediol 41.7 8.165 0.039 ± 0.019 14.18 -1.9 0.0009 0.0008 0.0006 

40 Binary Pinanediol 36.5 6.555 0.056 ± 0.016 14.70 -2.0 0.0015 0.0013 0.0010 

30 Unary Pinanediol 33.8 6.555 0.022 ± 0.011 6.71 -2.4 0.0007 0.0005 0.0005 

30 Binary Pinanediol 37.6 7.13 0.062 ± 0.015 8.01 -2.5 0.0016 0.0014 0.0012 

20 Unary Pinanediol 36.7 7.245 0.016 ± 0.008 2.98 -2.8 0.0004 0.0004 0.0003 

20 Binary Pinanediol 36.6 6.9 0.055 ± 0.002 3.58 -3.0 0.0015 0.0013 0.0012 

10 Binary Pinanediol 36.5 7.36 0.085 ± 0.021 0.90 -3.0 0.0023 0.0019 0.0019 
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Figure S6. Particle number-diameter distributions for the uptake of glyoxal and pinanediol by 

ammonium bisulfate particles at 50% RH. 
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Figure S7. Particle-phase tracer ions for the uptake of glyoxal and pinanediol by ammonium 

bisulfate particles at 50% RH and 20 °C. The C2H2O2+ and C3H7O3+ ions are tracers 

of glyoxal and pinanediol respectively. 
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