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Abstract 1 

Sulfate formation on the surface of aqueous micro-droplets was investigated using a spray-2 

chamber reactor coupled to an electrospray ionization mass spectrometer that was calibrated 3 

using Na2SO4(aq) as a function of pH. The observed formation of SO3
-·
, SO4

-·
, and HSO4

-
 at pH 4 

< 3.5 without the addition of other oxidants indicates that an efficient oxidation pathway takes 5 

place involving direct interfacial electron transfer from SO2 to O2 on the surface of aqueous 6 

micro-droplets. Compared to the well-studied sulfate formation kinetics via oxidation by 7 

H2O2(aq), the interfacial SO4
2-

 formation rate on the surface of micro-droplets was estimated to 8 

be proportional to the collision frequency of SO2 with a pH-dependent efficiency factor of 9 

5.6×10
-5

[H]
3.7

/([H]
3.7

+10
-13.5

). The rate via the acidic surface reactions is approximately 1-2 10 

orders of magnitude higher than that by H2O2(aq) for a 1.0 ppbv concentration of H2O2(g) 11 

interacting with 50 µg/m
3
 of aerosols. This finding highlights the relative importance of the 12 

interfacial SO2 oxidation in the atmosphere. Chemical reactions on the aquated aerosol surfaces 13 

are overlooked in most atmospheric chemistry models.  This interfacial reaction pathway may 14 

help to explain the observed rapid conversion of SO2 to sulfate in mega-cities and nearby regions 15 

with high PM2.5 haze aerosol loadings. 16 

 Keywords: sulfur dioxide, sulfate, aerosol, electrospray ionization, interfacial surface chemical 17 

reactions.  18 
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1. Introduction  19 

 Sulfate is a major inorganic components found in ambient aerosol particles.
1,2

 In addition, 20 

sulfate plays an important role in cloud and haze aerosol formation due to its high hygroscopicity 21 

and its role as a cloud condensation nucleus (CCN).
3-5

 Our current understanding of sulfate 22 

production in the atmosphere is that it occurs mainly via the oxidation of SO2 with dissolved 23 

H2O2, O3, R-O-OH, OH radical, oxides of nitrogen, and by O2 in non-catalytic or catalytic 24 

pathways involving Fe(II/III) and Mn(II/III).
2,5,6

 In our previous report on SO2 and water droplet 25 

reactions using an electrospray ionization mass spectrometers (ESI-MS), a new mechanism 26 

involving the air-water interfacial oxidation of SO2 on the surface of acidic droplets was 27 

reported.
7
 The interfacial SO2 oxidation pathway by O2 involves the formation of SO3

-·
 and SO4

-·
 28 

radicals as reaction intermediates leading to a free radical chain reaction that is often observed in 29 

catalytic SO2 oxidation in bulk aqueous solution as initiated by transition metal ions:
8,9

  30 

 SO3
-·
 + O2 → SO5

-·
 (1) 31 

 SO5
-·
 + HSO3

-
 → HSO5

-
 + SO3

-·
  (2)  32 

  SO4
-·
 + HSO3

-
 → HSO4

-
 + SO3

-·
 (3) 33 

 HSO4
-
 + SO5

-·
 ⟶ SO4

-·
 + SO5

2-
 + H

+
 (4) 34 

 SO5
-·
 + SO5

-·
 → 2 SO4

-·
 + O2  (5) 35 

The non-catalyzed oxidation of S(IV) by O2 was mainly carried out by purging air or O2 into a 36 

salt solution containing HSO3
-
/SO3

2-
 or by exposing either air or O2 to droplets containing of 37 

S(IV) ions. The S(VI) formation rate was determined to be proportional to [SO3
2-

][H
+
]
0.5

.
9-12

 38 

Radojevic concluded that the non-catalyzed oxidation by O2 was not significant for ambient SO2 39 

conversion as compared to other aqueous-phase oxidation pathways.
11

 However, the lower 40 

reported activation energy for HSO3
-
 + O2 under acidic conditions of 1.7 kcal mol

-1
 for pH < 7 vs. 41 
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21.3 kcal mol
-1

 for the pH range of 7 ≤ pH ≤ 9.5,
8,9

 suggests that an efficient oxidation pathway 42 

under acidic conditions may still be important. Furthermore, the experimental setup of purging 43 

oxygen gas into solution may limit the available surface area for interfacial contact. The reported 44 

oxidation via the heterogeneous reactions of SO2(g) on the surfaces of acidic droplets
7
 appears to 45 

be much faster than alternative oxidation pathways under the same conditions. The observed gas-46 

liquid interfacial surface reactions for SO2(g) are most likely initiated by a similar pathway as the 47 

non-catalyzed oxidation of S(IV) in aqueous solution by O2 reported before
8,9

 but with an 48 

experimental setup approaching the real environment, i.e., the gas phase reactants (i.e., oxidant 49 

and reductant) reacting at the gas-liquid interfacial layer of water on aquated aerosol particles.  50 

Most atmospheric chemistry models currently underestimate sulfate formation; this is 51 

likely due to lower actual emissions of SO2, less direct emission of sulfate, or possibly missing 52 

oxidation pathways.
13-15

 Wang et al.
13

 reported that the missing S(IV) to S(VI) chemical 53 

conversion processes can compensate for the underestimation of formed sulfate more effectively 54 

than assuming enhanced SO2 emission rates. There are several possible reaction pathways 55 

reported recently that could compensate for the deviation between models and field observations 56 

including pathways involving NO2,
5,16

 dust+HNO3
17

 and HONO.
18

 The reaction of dust particles 57 

with HNO3 leads to the formation of nitrate salts, which lower the deliquescence relative 58 

humidity leading to more aqueous droplets that, in turn, leads to an increased uptake of SO2. 59 

Even though dust particles may provide a higher pH environment for more efficient SO2 uptake, 60 

the conversion rate of SO2 to sulfate is much slower than nitrate formation due to nitric acid 61 

scavenging on the dust particles.
17,19

 Under higher pH conditions, the oxidation of S(IV) by NO2 62 

would become more important for aerosols.
5,16

 In spite of alternative theories as to various 63 

contributions to S(VI) loading, there appear to be additional unidentified pathways or 64 
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mechanisms that could account for the higher sulfate levels and faster formation rates as 65 

observed in severe haze aerosol events.
13,14

 We had previously shown that chemical reactions at 66 

the air-water interface of micro-droplets may provide additional reaction pathways for chemical 67 

conversions in the atmosphere.
7,20,21

 However, specific kinetic parameters are needed to 68 

quantitatively confirm the roles of interfacial heterogeneous gas-liquid reaction pathways.  69 

Herein, we report on the kinetics of SO2(g) oxidation on the surface of micrometer-sized 70 

droplets based on the comparison of experimental conditions at various H2O2 concentrations in 71 

the aqueous phase as a function of pH with the well-studied oxidation kinetics of SO2 by H2O2. 72 

The derived pH-dependent rate efficiency on droplet surfaces was extended using a box model 73 

for a given ambient aerosol condition to illustrate the importance of this mechanism as compared 74 

with the well-known S(IV) oxidation by H2O2 in the aqueous phase.
6,22

 75 

2. Experimental Methods and Data Analysis 76 

 An electrospray ionization mass spectrometer (Bruker Daltonics Esquire 3000 Plus Ion 77 

Trap Mass Spectrometer), ESI-MS, with an attached reaction chamber as shown in Figure 1 was 78 

used throughout this study similar to the system described previously.
7
 Chemical reagents were 79 

used as received including sulfurous acid solution (Kanto Chemical Co., Inc., ≥ 5% in water), 80 

HCl (J. T. Baker, 36.5-38.0% in water), Na2SO4 (Sigma-Aldrich, ≥ 99%), and H2O2 (Sigma-81 

Aldrich, 30% in water). Solutions were prepared with Milli-Q water (18.2 MΩ-cm at 25 °C) to 82 

achieve the desired concentrations.  83 

2.1 pH Adjustment and Gas Flow Control 84 

A flow of aqueous micro-droplets into the reaction chamber was generated from solutions 85 

at a flow rate of 5 µL min
-1

 using a nebulizer at a pressure of 20 psi. The dry carrier gas was set 86 

to a flow rate of 6 L min
-1

 at a temperature of 280 °C while the capillary voltage was kept 87 
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constant for the quantitative analyses among different experiments. The initial pH of bulk 88 

aqueous solutions was prepared over a range of 2 to 5.6 using HCl. Gas-phase species were 89 

introduced by flowing dry nitrogen through the top surface of the target solutions to transfer the 90 

gaseous vapor into the spray chamber with a total flow rate of 300 mL min
-1

. For example, SO2 91 

was introduced by passing 150 mL min
-1

 of N2 through a bottle partially filled with ≥ 5% H2SO3 92 

solution received without further treatment. The other N2 flow was applied to maintain the total 93 

flow rate as 300 mL min
-1

. The gas-phase concentration inside the bottle was estimated using the 94 

Henry’s Law constant under the assumption of equilibrium between the gas phase and the 95 

aqueous solution. The gas mixture containing SO2 was introduced into the spray chamber 96 

through a 1/32”-ID Teflon tube nearby the nozzle as a crossing flow passing through to the 97 

region of the Taylor cone and micrometer-sized jet of the nozzle to react with the aqueous 98 

solution as shown in Figure 1. The actual gas concentration should be lower than this estimated 99 

value due to the possible mass-transfer limitations of the gas volatilization from H2SO3 aqueous 100 

solution. The concentration of SO2 in the flow before further dilution was estimated as ~ 2×10
5
 101 

ppm if the equilibrium were reached. In the nebulizer chamber, the SO2 concentration was 102 

further diluted by the nebulizer gas and the dry carrier gas to be less than 10
4
 ppm, which is 103 

significantly higher than the ambient conditions but was required to receive significant intensity 104 

due to the short reaction time (~ ms) with the droplets for the current setup. The intensity of 105 

selected peaks was normalized with the bisulfate peak for solutions without H2O2 at pH = 4 daily 106 

to correct the daily fluctuation of the instrument response and possible SO2 variations. Because 107 

the ion response is likely to vary with pH, the observed sulfate quantity was estimated based on 108 

the interpolation of bisulfate (m/e = 97) intensity, I97, calibrated using Na2SO4(aq) over a range 109 

of 0 to 0.8 mM under different pH conditions.  110 
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2.2 Quantification of the Sulfate Formation Rate 111 

 The sulfate formation via the reaction of bisulfite with H2O2 in the aqueous phase 112 

proceeds as follows:
5,6,22

  113 

 HSO3
-
 + H2O2 ⇌ HOOSO2

-
 + H2O (6) 114 

 HOOSO2
-
 + H

+
 → HSO4

-
 + H

+
  (7) 115 

in which bisulfite reacts with H2O2 to form peroxymonosulfite, HO2SO2
-
, a transient intermediate, 116 

which forms bisulfate through a general acid- or proton-catalyzed rearrangement. The sulfate 117 

formation rate via H2O2 oxidation is determined using the following equation
5,22

 118 

 RH2O2,droplet
 
= 7.45×10

7
 [HSO3

-
][H2O2(aq)] [H

+
]/(1+13×[H

+
]))   (M/s)           (8) 119 

Such reaction happens at the aqueous phase and requires the presence of HSO3
-
, which is 120 

estimated based on the uptake of SO2 on the droplets with the dissociation rate and equilibrium 121 

constants given in our previous study
7
 and also briefly summarized in section 2.3. The 122 

concentration of formed sulfate via the oxidation of SO2 by H2O2(aq) was monitored for 123 

[H2O2(aq)] in a range of 0 to 5 mM. The increased acidity due to the formation of bisulfate may 124 

lower the response of the peak at m/e = 97, but enhance the interfacial oxidation of SO2 with O2. 125 

For simplicity, the effect of the increased acidity was assumed to be negligible. 126 

2.3 Simulation of Gaseous SO2 Uptake and Oxidation 127 

The simulation of SO2 uptake and oxidation was performed using Mathematica (Wolfram) 128 

by taking in to account the mass transfer of SO2(g) on the droplets, which can either be oxidized 129 

on the acidic surface or further accommodated into the aqueous phase and coupled with the 130 

subsequent dissociation of aquated (i.e., hydrated) SO2(aq) or SO2·H2O in the equations 9-11 as 131 

given in our previous study.
7
  132 
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  SO2(g) + H2O ⇄ H2O•SO2(aq) , KH = 1.3 M bar
-1

 (9) 133 

 H2O•SO2(aq) ⇄ HSO3

-
 + H

+
 , Ka1 = k1/k-1 = 10

-1.8
 M  (10) 134 

 HSO3

-
 ⇄ SO3

2-
 + H

+
 , Ka2 = k2/k-2 = 10

-7.2
 M  (11) 135 

To simplify the simulation, the micrometer-sized jet from the nozzle was assumed to be a train of 136 

droplets with a uniform diameter of droplets based on the experimental setup for the initial test. 137 

Sensitivity studies for different diameters were applied to evaluate the possible deviation due to 138 

the uncertainty of surface-to-volume ratio. To evaluate the uptake kinetics of SO2 on the droplet, 139 

the mass transfer coefficient, kmt, for gas-phase with interfacial mass transfer of SO2 on a 140 

spherical droplet was expressed as follows:
5
 141 

 ��� = � �	

�� + �	

����
 �����
�� �

��
 (12) 142 

where Rp is the radius of droplet, Dg is the diffusivity of SO2 in air and assumed as 0.1 cm
2
 s

-1
,  143 

Mw is the molecular weight of SO2, R is the universal gas constant, T is temperature and αSO2 is 144 

the accommodation coefficient of SO2. To fit the negligible oxidation by H2O2 at low pH, a 145 

much lower αSO2 than previously reported value was applied as 3 × 10
-5

 for pH < 3 then increases 146 

linearly with pH to 0.11 at pH = 5 and remained constant for pH ≥ 5.
23,24

 The concentration of 147 

HSO3
-
 and SO3

2-
 inside the droplet was estimated based on the rate constants for the dissociation 148 

of aquated SO2 from our previous study
7
 with k1 = 3.6 × 10

6
 s

-1
 and k2 = 1 × 10

6
 s

-1
. For 149 

simplification, the pH of the droplets was assumed to be undisturbed by the dissociation of 150 

SO2·H2O or the formed sulfate. The diffusion of protons in aqueous solution is efficient with a 151 

diffusion coefficient of 9.3×10
-5

 cm
2
 s

-1
 that corresponds to a diffusion length of 10 µm at 1 ms,

25
 152 

which is a similar size to diameter of the electrospray jet.  153 
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For the sprayed jet, the pH of droplets may be affected by the Kelvin effect and the 154 

possible evaporation causing the composition variation, which might lead the pH deviation of 155 

droplets from the bulk solution condition. Since the droplets exposed to SO2 in the air flow was 156 

estimated to be in the micrometer size range, the Kelvin effect can be ignored. In the case of 157 

evaporation, if the process followed the similar trend as reported by Smith et al.,
26

 evaporation 158 

would result in 8 µm droplets having a 7% of decrease in volume after 1 ms of reaction time. 159 

The resulting pH is estimated to increase approximately 0.03 pH units using the E-AIM 160 

thermodynamic models.
27,28

 The pH of droplets over the reaction zone without the contribution 161 

of SO2 was then assumed to be the same as the bulk solution. 162 

In this study, various amounts of H2O2 were added to the bulk solution to provide a set of 163 

standard reactions to retrieve the required adjustment for the correlation of the assumed droplet 164 

size and exposure time based on the known oxidation rate constant of HSO3
-
 by H2O2 as stated in 165 

Eq 8. The droplet size and exposure time are the necessary parameters to retrieve the efficiency 166 

of interfacial surface oxidation mechanisms. At a solution injection rate of 5 µL min
-1

, the jet 167 

diameter initially formed from the nozzle was within several micrometers with a flow speed of a 168 

few m/s.
29

 The reaction time was estimated to be ~1 ms with the gas stream, and corresponding 169 

to a droplet diameter of 8 µm for a partial pressure of SO2, PSO2
, of 2000 ppm to obtain better 170 

fitting for the sulfate formation rate via the oxidation of H2O2(aq). The parameters of the droplets 171 

size at 8 µm and reaction time at 1 ms were applied to simulate the sulfate formation via 172 

interfacial surface reactions. A decrease of PSO2 corresponds to an increase in reaction time but 173 

has no influence on the retrieval of the efficiency of interfacial surface oxidation. This 174 

experimental setting corresponds to 1.0 hour of reaction time under regular ambient conditions of 175 

3 ppb of SO2, if similar interfacial oxidation kinetics holds in the low concentration region.  176 
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The interfacial surface reaction rate (Rin,droplet) in one spherical droplet with a radius of Rp 177 

was assumed to be proportional to the collision frequency of the SO2 gas molecules on the 178 

droplet surfaces with a reaction efficiency factor of q as shown in the following equation: 179 

 Rin,droplet = ¼ c� n q (4πRp
2
)  (molecules droplet

-1
 s

-1
) (13) 180 

where c� = (8RT/πMw)
1/2

 the mean speed of molecule and n is the number density of SO2(g) at 181 

molecules/m
3
-air. After the division by the volume of the droplet and Avogadro’s constant (NA), 182 

Rin,droplet can be converted to units of M/s, the same units as RH2O2,droplet in Eq. 8. Overall, SO2 183 

molecules collide on the droplets can either deflect back to the gas phase, accommodate into the 184 

aqueous phase, or proceed to undergo interfacial surface reactions.  185 

3. Results and Discussions 186 

 Significant levels of SO3
-·
, SO4

-·
, and HSO4

-
 were observed at pH < 3.5 in the absence of 187 

an added oxidant except for oxygen, which was likely present in the influent carrier gas or 188 

dissolved in the aqueous solution as reported in our previous study.
7
  The sulfite radical anion, 189 

SO3
-·
, is likely generated by direct interfacial electron transfer within water clusters that 190 

constitute the interfacial air-water layer to directly yield the sulfite radical,  191 

 H2O + SO2 + O2 → SO3
-·
 + O2

-·
 + 2H

+
 (14) 192 

which then initiates the free radical chain reactions to form sulfate (vide supra). Due to the 193 

limited uptake of SO2 in the acidic aqueous phase,
23,24

 the observed results suggest that SO2 is 194 

not in the HSO3
-
 form to precede the interfacial surface reactions. To investigate the impact of 195 

such interfacial surface reactions, the amount of sulfate formed was quantified using the intensity 196 

response of standard Na2SO4 solutions as a function of pH in ESI-MS. The interfacial surface 197 

oxidation efficiency, q, in Eq. 13 was derived by comparing the quantity of sulfate from this 198 

interfacial surface oxidation with that from the well-known H2O2 oxidation kinetics.  199 
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3.1 The Intensity Response of Sulfate to pH  200 

H2SO4 is a strong diacid with a value of Ka1 > 10
3
 (pKa1 < -3) while Ka2 = 1.3 × 10

-2
 (pKa2 201 

~ 1.9). The fraction of HSO4
-
 included in the observed total S(VI) signal should be the highest at 202 

pH ≤ 1.9 based on the dissociation constants. However, the intensity response of HSO4
-
(m/e = 203 

97), I97, in ESI-MS generated from 0.1 mM Na2SO4 solution increases significantly at pH ≥ 3 204 

and then approaches to a steady intensity at pH ≥ 5 as shown in Figure 2. The intensity trend as a 205 

function of pH is similar to the response of hexanoate ion generated from the hexanoic acid 206 

solution
30

 but the properties of hexanoic acid and sulfuric acid are very different. The expected 207 

decreasing trend of I97 from ESI-MS starting at pH ≥ 3 was not observed likely due to the 208 

protonation of SO4
2-

. As the ions were formed in the spraying chamber, the charge density of 209 

SO4
2-

 might be too high to be stable in the gas phase and the proton transfer from water to SO4
2-

 210 

happens during the spray-drying processes.
31,32

 Even with the significant charge transfer between 211 

water and SO4
2-

, I97 should be the same for the whole pH range studied. The significant higher 212 

intensity of I97 at pH ≥ 3 might suggest a complicated intensity response of S(VI) to pH in 213 

addition to the possible unique interfacial properties such as a different interfacial acidity 214 

compared to the bulk solution as discussed in other studies.
30,33

 If the charge transfer between 215 

H2O and SO4
2-

 is sufficient to explain the trend for pH ≥ 5, the observed lower I97 at pH ≤ 4 216 

might be explained with a significantly higher surface acidity than the bulk condition, as 217 

suggested that the outer surface of water has Brønsted neutral at pH ∼3 rather than at pH = 7.
30

 218 

The observed oligomerization of isoprene,
34

 usually required under concentrated sulfuric acid 219 

solution, on the droplets with pH ≤ 3.6 also suggest the possibility of higher acidity or different 220 

reactivity over the interfacial region than the bulk condition. The unique properties of the acidic 221 

surface region could promote special chemical reactions such as Eq. 14.  222 
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Due to the pH-dependent response of sulfate intensity, I97(HSO4
-
) as a function of 223 

[Na2SO4] and pH was determined as a calibration for measuring the quantity of sulfate formed 224 

under experimental conditions. At a given pH, I97 increases linearly with [Na2SO4(aq)] for 225 

[Na2SO4(aq)] ≤ 100 µM; while the response becomes non-linear at higher concentrations as 226 

shown in Figure 3. The quantification of sulfate was then based on an interpolation method for 227 

I97 as a function of concentration at different pH conditions.  228 

3.2 Quantification of the Sulfate Formation Rate 229 

 Using the sulfate calibration, the data in Figure 4 show the formed sulfate concentration, 230 

[S(VI)], as a function of pH for different [H2O2]. [S(VI)] from the interfacial surface reactions at 231 

pH ≥ 4 is negligible as compared with that generated from the oxidation of S(IV) by H2O2. For a 232 

given pH with less significant interfacial surface reactions, [S(VI)] as a function of [H2O2] was 233 

linear as shown in Figure 5 for pH = 4. The linear trend suggests that the oxidation of SO2 via 234 

H2O2 oxidation in this system is a pseudo-first-order kinetic process in which the sulfate 235 

formation rate is linearly proportional to [H2O2]. The available [HSO3
-
] in the droplets was 236 

sufficiently high without a significant concentration decrease due to consumption by oxidation or 237 

acidity changes during the reaction time (~ 1 ms). 238 

 To simulate the observed sulfate quantity, Eq. 8 with the droplet size, reaction time and 239 

SO2 partial pressure, was applied to fit the experimental results with [HSO3
-
] estimated from the 240 

uptake of SO2 on the droplets (Eq. 12) and the dissociation rate constants given in Eq. 9-11. For 241 

the simulation of interfacial surface reactions, q as a function of [H
+
] was manually adjusted to 242 

provide a good fitting of [S(VI)] for the experimental results at [H2O2] = 0 as expressed as 243 

follows: 244 

q =  �.!×�#$%['(]*.+
['(]*.+,�#$-*.%  (15) 245 
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and shown in Figure 6 based on the parameters of the droplets size at 8 µm, a reaction time of 1 246 

ms, and a PSO2 of 2000 ppm. The sulfate quantity as a function of pH at different [H2O2] for both 247 

measurement and simulation is summarized in Figure 4. The combination of interfacial surface 248 

reactions with O2 and the contribution by H2O2 oxidation, i.e., Rin,droplet + RH
2
O

2
,droplet, provides a 249 

comparable result with the measurements at different pH. However, the reported interfacial 250 

surface reaction rate is a lower limit, since the applied carrier gas and nebulizer gas is nitrogen, 251 

which led to a very low oxygen content in the spray chamber. In our previous study,
7
 a switch of 252 

carrier gas from nitrogen to air was shown to enhance the intensity of formed sulfate by a factor 253 

of 3. This type enhancement was not taken into account in the current study for simplification. 254 

 Due to different uptake efficiencies among the different size of droplets, the required 255 

exposure time (te) as a function of droplet size is summarized in Figure 7 to obtain the same level 256 

of sulfate formation as obtained via the oxidation of S(IV) by H2O2.  For droplet diameters in the 257 

range of 1-16 µm, te was estimated to be in the range of 0.3-1.5 ms, which is consistent with our 258 

previous study
7
 but much longer than the earlier reported values, ≤ 10 µs.

30,33
 A shorter exposure 259 

time is required for a smaller size of droplets due to the higher surface-to-volume ratio. In our 260 

reported q values, the diameter of the droplets was assumed to be 8 µm, which corresponds to a 261 

te of 1 ms. However, the uncertainty in droplet diameters can cause the deviation of q with a 262 

correction factor in the range of 0.3-1.3 for jet diameters of 1-16 µm as shown in Figure 7. This 263 

correction factor is within the same order and may be negligible or higher than 1 as the oxygen 264 

concentration taken into account.   265 

3.3 The Influence of Acidification 266 

The applied SO2 was significantly high and  may induce the acidification of the droplets, 267 

which in turn may impact SO2 uptake and the rate of oxidation, especially at higher pH.
23

 The 268 
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influence of hydronium is similar to the nitrate effect in the N2O5 uptake in solution as reported 269 

by Wahner et al.,
35

 and Bertram and Thornton.
36

 Given the applied conditions and a reaction 270 

time of 1 ms, an extra 0.001 M of hydronium might be expected for pH > 4.  This will affect 271 

droplets with higher pH values but will have a negligible influence on droplets having pH < 3. 272 

However, a possible enhancement of the interfacial reaction due to this pH decreasing was 273 

observed negligible for pH > 4 (Figure 4) and this result might suggest such acidification might 274 

be overestimated in the current calculation. Based on the results of negligible interfacial reaction 275 

at pH > 4, the acidification for the applied system was likely to be less than 10
-4.5

 M of 276 

hydronium increasing due to the uptake of SO2 in the study.  For current model calculation, the 277 

acidification was assumed to be negligible; this specific assumption would effectively result in a 278 

higher HSO3
-
 concentration coupled with a smaller value for the term, [H

+
]/(1+13×[H

+
]), in the 279 

rate equation. If the acidification were taken account, it should lead to a lower HSO3
-
 280 

concentration coupled with a higher value for  [H
+
]/(1+13×[H

+
]) in the rate equation; this 281 

effectively would require a new calibration curve. Thus, acidification may result in a higher 282 

uncertainty for the rate of sulfate formation at pH > 4.5. Due to the opposite impact of pH on the 283 

uptake of SO2 and how it affects to the value of [H
+
]/(1+13×[H

+
]) in the rate equation along with 284 

the pH-dependent sulfate calibration curve, the observed sulfate formation rate would be higher 285 

for pH > 4. The effect of enhanced acidification may result in a larger bias for high pH 286 

conditions, but may not impact the derived rate efficiency trend, which is sensitive at the lower 287 

pH. 288 

3.4 Comparison of Different Pathways for Sulfate Formation in Box Model 289 

To compare the efficiency of this surface reaction to the H2O2 oxidation pathway, Eq. 8 290 

was modified to have a rate constant, kH
2
O

2
, as follows: 291 
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 R H
2
O

2
 = 7.45×10

7
 [HSO3

-
][H2O2(aq)] [H

+
]/(1+13×[H

+
]))×NA×Vaerosol (molecules m

-3
 s

-1
) 292 

 = kH
2
O

2
 n (molecules m

-3
 s

-1
) (16)    293 

where Vaerosol is the total aerosol volume per m
3
 of air and kH

2
O

2
 is the pseudo-order reaction rate 294 

constant, which is proportional to [H2O2]. The oxidation rate due to the interfacial surface 295 

reaction is then estimated as follows: 296 

 Rin = ¼ c� n q A (molecules m
-3

 s
-1

) = kin n (molecules m
-3

 s
-1

)  (17) 297 

where A is the surface area concentration of aerosol particles in air, m
2
/m

3
-air and kin = 4.55 T

1/2
 298 

q A (s
-1

) is the reaction rate constant. In a box model, for a given ambient condition with an 299 

aerosol mass concentration of 50 µg/m
3
 (including the water content), a composition density of 1 300 

g cm
-3

, a mode size at 100 nm, and a geometric standard deviation of 1.5, the rate constants, kin 301 

and kH
2
O

2
,30ppb (rate constant for a H2O2 partial pressure fixed at 30 ppbv) as a function of pH can 302 

be evaluated. As shown in Figure 6, kin at pH < 3.5 is higher than kH
2
O

2
,30ppb at pH > 3, which is 303 

at least one order higher than the usual atmospheric partial pressure of H2O2 (1-3 ppb)
37

 even 304 

with a possible q deviation taken into account. With the additional contribution of the oxygen 305 

concentration in a regular atmospheric condition compared to the spray chamber, kin would be at 306 

least three times higher than this reported value.
7
 According to this simple box-model analysis, 307 

the interfacial surface reaction between S(IV) and O2 on aquated acidic aerosols could provide a 308 

significant oxidation pathway for SO2 conversion to SO4
2-

. An efficient interfacial surface 309 

reaction may be the combined result of a lower activation energy under acidic conditions at the 310 

air-water interface, preferred molecule orientation resulting from the water structure right at the 311 

air-water interface, and a variation in reactivity with pH on the aquated aerosol surfaces.
7-9,38-40 312 
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4. Atmospheric Implications  313 

 In this study, the heterogeneous reactions involving the conversion of S(IV) to S(VI) on 314 

the interfacial surface region were determined with a pH-dependent efficiency factor of 5.6×10
-

315 

5
[H

+
]
3.7

/([H
+
]
3.7

+10
-13.5

) based on our specific experimental setup employing the well-studied 316 

reaction kinetics of SO2 oxidation by H2O2(aq). If similar oxidation kinetics obtained in this 317 

study holds for the ambient atmospheric conditions, then interfacial surface reactions can 318 

enhance the net sulfate formation rate in the atmosphere significantly according to a simple box-319 

model calculation that requires acidic aquated aerosol particles. Whiteaker and Prather reported 320 

on the S(VI) formation in the presence of SO3
-·
 as wood smoke particles were exposed to a gas 321 

mixture containing SO2(g) for individual particles sampled with an aerosol time-of-flight mass 322 

spectrometer.
41

 However, their study was mainly focused on the formation of  323 

hydroxymethanesulfonate with no further discussion accounting for the observed S(VI) and SO3
-·
 324 

levels.
41

   325 

By performing thermodynamic calculations for metastable aerosol conditions using E-326 

AIM models,
27,28

 the pH of aerosols for a given composition can be estimated for various 327 

environmental conditions. In addition to relative humidity, the acidity of aerosols is dependent 328 

on the availability of ammonia and the ambient temperature. For example, bisulfate in ambient 329 

aerosols can be readily neutralized by the uptake of gas-phase NH3 or other available alkaline 330 

species in the particles. Sulfate related species mainly appear in the sub-micrometer sized region, 331 

which usually has a limited amount of dust content.
42,43

 For aerosol particles composed primarily 332 

of pure ammonia sulfate, the pH in the aqueous phase particles is often in the range of 4.9 to 5.0 333 

for RH between 40-80% and T = 298 K (e.g., activity coefficient corrections for H
+
 were taken 334 

into account). If the aerosol composition has 0.1% of bisulfate that is not neutralized by 335 

Page 16 of 33

ACS Paragon Plus Environment

Environmental Science & Technology



 17

ammonia or other alkaline species, the pH can be reduced to the range of 2.5-3.0, which is in the 336 

optimal range to induce efficient interfacial O2 oxidation of SO2. For polluted areas, plume 337 

generated by burning processes, contain CO, NO2, organic species, and SO2. NO2 can react with 338 

OH to form HNO3, which can partition in the aqueous phase to increase the acidity or be 339 

photolyzed back to OH and NO2. With a reaction rate constant of 2.4×10
-11

 cm
3
 molecule

-1
 s

-1
,
5
 340 

the HNO3 formation rate is estimated to be 0.72 pptv s
-1

 at [OH] = 10
6
 molecules cm

-3
 and [NO2] 341 

= 30 ppbv. If the aerosol particle consists of 0.01% HNO3 and 99.99% of ammonium sulfate, 342 

which corresponds to the mixing ratio of 1-0.4 ppbv of HNO3 at RH of 80-40%, the pH of the 343 

aquated aerosol can be reduced to 3.8-4.3. Even under these conditions, interfacial surface 344 

reactions leading to the conversion of SO2 to sulfate can take place especially in regions having 345 

lower partitioning of NH3 into the aqueous phase.
44

 For example, under actual ambient 346 

conditions with a sulfate concentration of 26 µg/m
3
, nitrate = 26 µg/m

3
, total ammonia (i.e., 347 

NH4
+
 + NH3) = 32 µg/m

3
, the pH at RH = 56% is estimated to be 2.6 for 298 K and 3.9 for 274 348 

K.
45

 It is clear that interfacial surface reactions will play a significant role as the temperature 349 

increases and thus provide an important pathway for the sulfate formation during the summer as 350 

well.
17

 Based on the results presented herein, interfacial surface reactions can play an important 351 

role in the heterogeneous atmospheric chemistry. The interfacial surface reactions are overlooked 352 

in most atmospheric chemistry models and might provide further insight into alternative reaction 353 

pathways, which impact SO2 oxidation to sulfate in regions of the world using high-sulfur fuel 354 

and having particles on partially neutralized by ammonia or other alkaline species. 355 
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Figures 485 

Figure 1. A schematic diagram of the experimental setup with SO2 introduced from the gas 486 

phase and H2O2 and HCl introduced in the aqueous phase.  487 

Figure 2. The intensity variation of HSO4
-
 (m/e = 97) as a function of pH probed using ESI-MS. 488 

Condition: [Na2SO4] = 0.1 mM. 489 

Figure 3. The intensity of HSO4
-
, I97, as a function of [Na2SO4] for conditions of pH = 2 and 4. 490 

Figure 4. The formation of [HSO4
-
] as a function of pH for conditions of [H2O2] = 0, 1.0 and 5.0 491 

mM. Data points are measurements while the dashed lines are obtained from 492 

simulations as described in the text. 493 

Figure 5. [HSO4
-
] formation as a function of [H2O2] at pH = 4.  494 

Figure 6. The derived reaction efficiency factor, q, and the two rate constants (kin and kH
2
O

2
,30ppb) 495 

as a function of pH (q corresponds to the left y-axes while the rate constants to the 496 

right y-axes). 497 

Figure 7. The required exposure time, te, (solid line) as a function of droplet diameter to form 498 

the estimated sulfate quantity for reaction conditions of [H2O2] = 5 mM and pH = 4. 499 

The dashed line is the correction factor as a function of droplet diameter required to 500 

correct the q value. 501 

  502 
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 503 

Figure 1. A schematic diagram of the experimental setup with SO2 introduced from the gas 504 

phase and H2O2 and HCl introduced in the aqueous phase.  505 
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506 
Figure 2. The intensity variation of HSO4

-
 (m/e = 97) as a function of pH probed using ESI-MS. 507 

Condition: [Na2SO4] = 0.1 mM. 508 

  509 

Page 27 of 33

ACS Paragon Plus Environment

Environmental Science & Technology



 28

510 
Figure 3. The intensity of HSO4

-
, I97, as a function of [Na2SO4] for conditions of pH = 2 and 4. 511 

  512 
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 513 

 514 

Figure 4. The formation of [HSO4
-
] as a function of pH for conditions of [H2O2] = 0, 1.0 and 5.0 515 

mM. Data points are measurements while the dashed lines are obtained from simulations as 516 

described in the text. 517 

  518 
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519 
Figure 5. [HSO4

-
] formation as a function of [H2O2] at pH = 4.  520 

521 
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 522 

Figure 6. The derived reaction efficiency factor, q, and the two rate constants (kin and kH
2
O

2
,30ppb) 523 

as a function of pH (q corresponds to the left y-axes while the rate constants to the right y-axes). 524 

 525 
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526 
Figure 7. The required exposure time, te, (solid line) as a function of droplet diameter to form 527 

the estimated sulfate quantity for reaction conditions of [H2O2] = 5.0 mM and pH = 4. The 528 

dashed line is the correction factor as a function of droplet diameter required to correct the q 529 

value. 530 
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