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5 ABSTRACT: The oxidation of S(IV) is a critical step in the fate of sulfur dioxide
6 emissions that determines the amount of sulfate aerosol in the atmosphere. Herein,
7 we measured accelerated S(IV) oxidation rates in micron-sized aqueous aerosols
8 compared to bulk solutions. We have investigated both buffered and unbuffered
9 systems across a range of pH values in the presence of atmospherically relevant
10 transition-metal ions and salts and consistently found the oxidation rate to be
11 accelerated by ca. 1−2 orders of magnitude in the aerosol. This enhancement is
12 greater than can be explained by the enrichment of species in the aerosol compared
13 to the bulk and indicates that surface effects and potentially aerosol pH gradients play
14 important roles in the S(IV) oxidation process in the aqueous aerosol. In addition,
15 our experiments were performed with dissolved S(IV) ions (SO3

2−/HSO3
−), allowing us to demonstrate that acceleration occurs in

16 the condensed phase showing that enhanced sulfate formation is not exclusively due to gas-aerosol partitioning or interfacial SO2
17 oxidation. Our findings are an important step forward in understanding larger than expected sulfate concentrations observed in the
18 atmosphere and show that inorganic oxidation processes can be accelerated in micron-sized aqueous droplets compared to the bulk
19 solution.
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1. INTRODUCTION
21 The oxidation of S(IV) is a key reaction in atmospheric
22 chemistry. Sulfur dioxide (SO2) is emitted from individual
23 sources at rates as large as 4000 kilotons per year.1 The
24 continental background concentration of SO2 is up to 1 part
25 per billion (ppb) and polluted regions can have levels of
26 several hundred ppb.2 In the atmosphere, SO2 dissolves into
27 aqueous systems including aerosols and cloud droplets to form
28 one of several aqueous S(IV) species, including bisulfite
29 (HSO3

−), sulfite (SO3
2−), and metabisulfite (S2O5

2−), which
30 hereafter will be collectively termed S(IV)aq. These species are
31 oxidized by a variety of pathways into sulfate (SO4

2−). For
32 example, for bisulfite, the oxidation reaction with oxygen can
33 be written as

+ → +− − +HSO
1
2
O SO H3 2 4

2

34 (1)

35 This reaction can impact the composition and acidity of
36 atmospheric aerosols. Although the oxidation of S(IV) is
37 relatively slow, this is critically important to environmental
38 chemistry, as the pH of aerosols and cloud droplets influences
39 the rate of acid-catalyzed chemical transformations, the impact
40 of aerosols on human health, and even the ability of aerosols to
41 act as cloud condensation nuclei.3−5

42 The oxidation of S(IV)aq is overall quite complex and
43 notoriously sensitive to reaction conditions. In addition, recent

44measurements have shown more formation of sulfate during
45severe pollution events than can be accounted for by current
46models.6,7 The process is highly pH-dependent, with different
47rate laws and mechanisms operative for different pH regimes
48(acidic, neutral, and basic).8 The reaction is also inhibited by
49many different chemical species, including organic compounds,
50ammonia, and even S(IV) itself.9,10 These all vary with ionic
51strength, μ, and depending on the exact conditions, higher μ
52can either accelerate or inhibit the reaction kinetics.10−12

53Furthermore, the reaction can be catalyzed by transition-metal
54ions (TMIs).10,13 TMI-catalyzed oxidation can, under some
55circumstances, be the dominant pathway of sulfate formation
56in the atmosphere.14 Indeed, one study found that the reaction
57is seven times faster in distilled water versus Milli-Q water due
58to the presence of TMIs in distilled water, despite the fact that
59these are present in sub-micromolar concentrations.15

60Since the reaction rate depends on the exact nature of the
61solution matrix, and more sulfate is being observed in haze
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62 events than can be explained by current kinetics data, the
63 current study focuses on high ionic strengths (μ > 2 M) found
64 in aerosols to help fulfil the need for solute-strength-dependent
65 kinetics in this regime.12,16,17 We also worked in the 0.1−1.5 m
66 S(IV)aq range since the majority of studies on S(IV) oxidation
67 have utilized concentrations on the order of 0.01 m or less
68 (note: “m” refers to molality throughout this report).10,18,19

69 Even higher concentrations are not practical since the
70 saturation concentration of Na2SO3 is 2.1 M.20 We employed
71 Aerosol Optical Tweezers (AOT) to suspend individual
72 droplets in surface-free environments and to continuously
73 monitor their composition, size, and refractive index via Raman
74 spectroscopy and Whispering Gallery Modes (WGMs).21 We
75 used confocal Raman spectroscopy to monitor the same
76 systems in the bulk phase. This allowed us to use our single-
77 aerosol measurements to determine the extent to which
78 oxidation of S(IV)aq catalyzed by TMIs and common salts is
79 accelerated in aerosols as well as the pH dependence of this
80 process.

2. MATERIALS AND METHODS
81 2.1. Materials. All solutions were prepared using milliQ
82 water with a resistivity >18.1 MΩ. Sodium chloride (Fisher Lot
83 188772 and 186819) and sodium sulfate (Fisher Lot 161950)
84 were baked at 200 °C for at least 48 h to remove organic
85 impurities. Buffers were prepared from sodium acetate
86 (Macron Batch 0000227236), imidazole (Sigma-Aldrich Lot
87 WXBC9930V), glacial acetic acid (Fisher Lot 200447), and 1
88 and 6 N HCl (Fisher Lot 195295 and 183144). The pH of
89 solutions was measured with a pH meter (OAKTON
90 Instruments) and ranged from pH 5.4 to 9.4 ± 0.3 for
91 unbuffered experiments and was either 7.0 or 3.8 ± 0.1 for
92 buffered experiments. For experiments with added Fe and Mn,
93 FeCl3·6H2O (Aldrich Lot MKBC9551V) and MnCl2·4H2O
94 (Fisher Lot 162637) were used, respectively. Various sources
95 of S(IV), including NaHSO3

− (bisulfite), Na2S2O5 (meta-
96 bisulfite), and Na2SO3 (sulfite) were used to verify that
97 aerosol-phase acceleration was not unique to one lot number,
98 and these sources are listed in Table S1 in the Supporting
99 Information. Additional reagents included sodium nitrate
100 (Sigma-Aldrich Lot MKBW8240V) and sodium perchlorate
101 (Sigma-Aldrich 0401080). Except where otherwise noted, salts
102 were used to adjust the ionic strength to 2.45 m.
103 2.2. Methods. For bulk experiments, a confocal Raman
104 spectrometer (HORIBA) was used with the LabSpec 8
105 software suite. Solutions were prepared by first weighing the
106 S(IV) source and any salts such as NaCl into a scintillation vial
107 and then adding Milli-Q water and acid or buffer as needed to
108 obtain the appropriate pH. Solutions were agitated vigorously
109 to quickly dissolve the solids, and this likely resulted in
110 solutions with dissolved O2 at saturation for the given
111 temperature (23.5 ± 0.5 °C) and ionic strength. 5 mL of the
112 solution was pipetted into a glass Petri dish, and Kimwipe
113 (Kimberly-Clark) fibers were gently dusted onto the surface of
114 the solution to aid in laser focusing. Spectra were obtained
115 with 10 s acquisition times and five accumulations, typically
116 every 3 min for an average of 67 min total, using 1800
117 grooves/millimeter for optimal resolution. For reaction times
118 greater than an hour, the laser occasionally was refocused on
119 the solution surface due to water evaporation. For experiments
120 with sodium nitrate, the nitrate peak was used as an internal
121 standard to track the relative intensity of the spectra over time.
122 By focusing the laser slightly past the surface, the intensity of

123the signal remains relatively constant for over an hour as the
124evaporation causes the laser focus to pass through the optimal
125position, and then the signal begins to decrease with further
126evaporation (see Figure S1 in the Supporting Information).
127For experiments in the aerosol phase, a pair of commercial
128Aerosol Optical Tweezers 100 (Biral Inc.) was used. Solutions
129were prepared the same as for the bulk and then aerosolized by
130an ultrasonic nebulizer (MicroAIR U22, OMRON), resulting
131in aerosols 3 ± 1 μm in radius. The aerosols were trapped by a
132laser (532 nm, 50 mW power). Except where stated otherwise,
133the relative humidity (RH) was maintained at 90 ± 8% by a
134controlled flow of wet and dry nitrogen gas (total flow 30
135sccm). The amount of O2 present in the chamber was less than
136ambient conditions due to the N2 flow, and data used to
137estimate the O2 concentration are given in Figure S11. Raman
138spectra were acquired every second at 1200 g/millimeter and
139averaged in sets of 11 for analysis. Temperature probe readings
140were 24.6 ± 0.1 °C, and additional heating of the aerosol by
141the laser is expected to be on the order of 100 mK.22 The
142Raman spectrometer wavenumbers were calibrated using
143standard emission lines from a Hg and Ne/Ar USB light
144source (Princeton Instruments). Average experiments included
14512 min of S(IV)-containing aerosol data, followed by external
146standard(s). Calibration of intensity was performed by
147trapping a ca. 1 m sodium sulfate and/or nitrate aerosol for
148the acquisition of at least 100 spectra at the end of every
149experiment and quantifying the aerosol-phase concentration by
150obtaining refractive index. This allowed the determination of
151the concentration of sulfate in other samples from that
152experiment via comparison of the integrated area of the sulfate
153peak (982 cm−1) or nitrate peak (1049 cm−1).
154Details of other measurements are given in the Supporting
155Information. Briefly, TMI concentrations were quantified using
156a Thermo Fisher iCAP RQ ICP−MS analyzer. Bulk-phase
157refractive index measurements were performed using an ABBE-
1583L refractometer (Bausch & Lomb). Finally, enrichment
159factors (EFs) were measured by AOT, conductivity probe, and
160inductively coupled plasma mass spectrometry (ICP−MS)
161methods.

3. RESULTS
1623.1. Spectral Evidence of Acceleration. Representative
163Raman spectra of the oxidation reaction at acidic pH are given
164 f1in Figure 1. The sulfate band is located at 982 cm−1 and has
165the same location within spectral resolution for both phases. In
166addition, HSO3

− and S2O5
2− peaks are present at higher

Figure 1. Representative sulfate ion spectra as a function of time.
Each trace shows Raman spectra following the formation of sulfate in
aerosol and bulk phases at pH 5.6. The solutions contained 1.0 m
S(IV) and 0.2 m NaNO3. The aerosol was 4.0 μm in radius, and the
bulk solution was 5 mL in a glass Petri dish (d = 55 mm) exposed to
ambient O2.
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167 wavenumbers, 1025 and 1052 cm−1 (see Figure S2 in the
168 Supporting Information). At high pH (≥7), for bulk spectra,
169 there are broad, overlapping SO3

2− bands at 953 and 967 cm−1

170 (see Figure S2). By contrast, for aerosol-phase spectra at all pH
171 values, the S(IV) bands have low intensity. This is consistent
172 with our previous work with the SO4

2−/HSO4
− system, where

173 the latter had substantially lower intensity relative to sulfate in
174 the aerosol compared to the bulk.23 The S(IV) bands do
175 appear when sufficient S(IV) is dissolved in the bulk solution
176 and aerosols with high S(IV) concentrations generated from
177 these solutions are trapped (as shown in Figure S2).
178 Figure 1 also shows that sulfate peaks are present in the
179 AOT spectra as soon as the micron-sized aerosol is trapped in
180 the optical tweezers and grow in intensity faster than that seen
181 in the bulk-phase spectra. The aerosol is prepared by
182 nebulization of a bulk solution and is trapped within 5 min
183 of beginning the experiment. Fewer than 30 s pass between
184 aerosol trapping and spectral acquisition. It is clear that some
185 of this sulfate formation is occurring during the trapping
186 process. The rate of sulfate formation is then determined using
187 only the data after the aerosol is stabilized in the AOT. For
188 example, for the AOT data shown in Figure 1, the first data
189 point used in computing rate is obtained from the first
190 spectrum, not from [sulfate] = 0. Likewise, for calculating bulk-
191 phase rates, the first data point used is obtained from the first
192 spectrum where sulfate peak area can be calculated by
193 Gaussian curve fitting. The advantage of this method is that
194 it makes the results less sensitive to any sulfate already present
195 in the S(IV) source and it excludes interference from an
196 induction period.10,24,25

197 3.2. Quantifying Apparent Acceleration Factors for
198 Various Conditions. For both bulk and aerosol spectra,
199 sulfate concentrations were calculated using calibration curves
200 (see Figures S3 and S4 in the Supporting Information). We
201 found that sulfate formation is significantly faster in the aerosol
202 phase than in the bulk. To quantify this acceleration, we
203 defined an apparent acceleration factor (AAF) as given in eq 2

=
r
r

AAF a

b204 (2)

205 Here, ra and rb are the rates (in m/min) observed in the
206 aerosol and bulk phases, respectively, where sulfate formation
207 was linear with time. The data included in our rates began with
208 the first spectrum containing a stable, quantifiable sulfate peak
209 and ended after sufficient data were obtained (see Supporting
210 Information, Discussion on rate computation for details).

f2 211 Representative linear fits are given in Figure 2.
212 A summary of AAFs for different experimental conditions is

t1 213 given in Table 1, with full details in Table S1. Here, a “data set”
214 is the result from one bulk-phase experiment compared to the
215 average of multiple aerosol-phase experiments with all
216 parameters held constant. We tested a wide variety of pH
217 conditions to determine the impact of this parameter on the
218 AAF, with particular emphasis on acidic conditions since the
219 majority of atmospheric aerosols are acidic.3,26 Even for
220 unbuffered experiments, changes in pH during the reaction are
221 expected to be small (<0.1 pH unit) since the large
222 concentrations of SO3

2− would absorb the majority of protons
223 produced from the oxidation.27 Ionic strength was controlled
224 using either NaCl or NaNO3, two relevant salts for
225 atmospheric aerosols.3,12,16 AAFs show that the reaction is at
226 least an order of magnitude faster in the aerosol phase.
227 Additionally, we computed an apparent acceleration factor

228corrected for enrichment (AAFE) to account for the increased
229ionic strength and reagent concentrations in the aerosol (see
230Supporting Information). In all cases, AAFEs are larger than
231AAFs by 19−477 percent.
232For our systems, since we worked at high concentrations of
233S(IV) and salts, there was sufficient TMI present to catalyze
234the oxidation as the salt samples contained non-negligible
235concentrations of TMI. In order to quantify TMI concen-
236trations, ICP−MS was employed to measure iron, manganese,
237copper, and cobalt amounts in our samples (Table S1). To
238further probe the nature of TMI catalysis, we performed
239experiments with explicitly added Fe3+ or Mn2+. In both cases,
240S(IV) oxidation remained faster in the aerosol phase than the
241bulk across the pH range we studied (5.4−9.3). It is
242noteworthy that iron speciation changes considerably over
243this range, and therefore, our results show that S(IV) oxidation

Figure 2. Sample sulfate formation data for the aerosol and bulk
phases. The data are from pH 9.4 samples with 1 m Na2SO3 and 0.95
m NaNO3 as the internal standard. AOT data show consecutive
averages of 11 spectra (e.g., circles show spectra 1−11, 2−12, 3−13,
etc.). Gaps in AOT data correspond to interference from WGMs;
internal standard data with WGMs is given in Figure S1. The aerosol
data was collected for longer than a typical experiment to demonstrate
the extent of linearity of sulfate formation, and initial data
corresponding to aerosol stabilization (red circles) as well as data
departing from linearity (black circles) are not included in rate
computation. AOT data error bars are not shown for clarity and are
ca. ± 0.02 m. Bulk error bars show the error in the sulfate band area
from peak fitting.

Table 1. Summary of AAFs for S(IV) Oxidation in the
Aerosol vs Bulk Phase under Different pH Conditionsa

pH conditions
number of
data sets

[S(IV)]
(m)

Avg
AAF

AAF
range

AAFE
range

acidic unbuffered 18 1.0 19 4−45 7−57
neutral
unbuffered

5 1.0 33 10−55 12−96

basic unbuffered 10 1.0 41 15−92 21−153
pH 3.8 acetate
buffer

4 0.5−1.4 55 41−78 48−89

pH 7.0 imidazole
buffer

10 0.2−0.4 33 14−76 16−163

aSee Table S1 in the Supporting Information for more detailed
conditions used.
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244 acceleration occurs with different TMI species present.28,29

245 Table 1 also shows that AAFs generally increase with pH for
246 unbuffered systems.
247 For buffered experiments, the pH was maintained at either
248 3.8 or 7.0 with an acetate or imidazole buffer, respectively, and
249 [S(IV)]aq was varied. For the imidazole systems, AAFs went
250 through a maximum at ca. 0.3 m S(IV). At relatively high
251 S(IV) concentrations (0.4 m), additional S(IV) increases the
252 rate to a lesser extent due to self-inhibition (Figure S5d). For
253 the acetate systems, it was necessary to work at higher
254 concentrations so the sulfate Raman band could be used to
255 obtain multiple data points before acetic acid evaporation from
256 the aerosol compromised the buffer pH. At these concen-
257 trations, any trend between AAF and [S(IV)] is less obvious.
258 This may also be due to the complexity of the factors involved,
259 namely, acid catalysis and inhibition by acetate.9,30 Even so,
260 consistent acceleration in the aerosol versus the bulk is
261 observed over a wide range of conditions.
262 3.3. Measurement of Aerosol-Phase Concentrations.
263 Aerosol concentrations were measured by using the refractive
264 index (n) of optically trapped aerosols to calculate their total
265 solute content as has been previously demonstrated.31 From

f3 266 the position and spacing of WGMs (Figure 3), n can be

267 precisely obtained.21 This enables the calculation of molal
268 refractivity (R) and hence mole fraction of solute x as shown in
269 eqs 3−5

= + −R R x R R( )w s w270 (3)

= −
+

* + − *R
n
n

x M M M
d

1
2

( ( ))
12

2 w s w
271 (4)

∑= + *d d A x
i

i
i

0
272(5)

273Here, Rw, Rs and Mw, and Ms are the refractivities and molar
274masses of water and the average solute, respectively, d is the
275density of the solution, d0 is the density of pure water, and Ai
276are density polynomial coefficients. Refractivities were
277determined using a refractometer, and Ai values were taken
278from the literature.32,33 When the solute is a salt, the Ms is the
279weighted average molar mass of its ions. When eqs 3 and 4 are
280set equal to solve for x, an algebraic solution does not exist.
281Thus, calculations were performed by checking every possible x
282in small increments across a physically realistic range and
283keeping the solution with the least difference between eqs 3
284and 4.
285For a given n, there is one possible x, allowing calculation of
286aerosol-phase concentration for systems containing one binary
287salt. When multiple salts are present, however, these equations
288do not have a single solution since the enrichments of the salts
289may be different and hence the salts may be present in different
290ratios in the aerosol than as prepared in the bulk. Therefore,
291independent measurements of the concentrations of all but one
292salt are necessary to uniquely determine the concentration of
293all species in the aerosol phase. For our work, we used NaCl,
294Na2SO4, and NaNO3, the latter two of which have distinct
295Raman bands, allowing concentration to be determined via
296calibration curves (Figures S3 and S4). From aerosol
297concentration, an EF can be calculated, which here we simply
298define as the aerosol-phase concentration of a species divided
299by the concentration in the bulk from which the aerosol was
300generated. EFs were also calculated by ICP−MS and
301conductivity experiments as outlined in the Supporting
302Information.
3033.4. Impact of Ionic Strength. Both NaCl and NaNO3
304were found to be enriched in the aerosol phase, so it is
305important to account for the impact this has on the oxidation
306rate. To this end, we performed several series of bulk-phase
307experiments where salt concentration could be precisely
308 f4controlled, and the results are given in Figure 4. It is clear
309that increasing [NaCl] or [NaNO3] would not increase the
310oxidation rate, and in fact, their enrichment actually slows the
311oxidation down. The difference in intercepts for the linear fits
312is not a concern since the NaCl experiments used 0.2 m
313NaNO3 as an internal standard, while the NaNO3 experiments
314used no NaCl. The experiments with NaCl and NaNO3 were
315also performed in the aerosol phase (Figure S6 in the
316Supporting Information) and indicate the same trend. To
317determine if this effect was simply due to increased ionic
318strength, we also tested the impact of sodium perchlorate
319(NaClO4) on the rate, as this ion is generally considered inert
320toward these types of reactions.34 Figure 4C shows that
321NaClO4 has the most negative impact on the rate out of the
322three salts, with a less linear relationship. Taking the same data
323and plotting the log of the rate versus an ionic strength
324parameter defined as μ1/2/(1+ μ1/2), a more linear result is
325obtained in Figure 4D; this is consistent with previous work on
326the impact of ionic strength on aqueous TMI-catalyzed S(IV)
327oxidation.30

4. DISCUSSION
328Recent studies have shown the acceleration of reactions in
329aerosols. This has been the subject of a great deal of
330interest.35,36 For reasons that remain not fully understood,

Figure 3. (A) sample Na2SO4 AOT spectra taken at 1200 grooves/
mm in the sulfate region showing the concentration-dependence of
the prominent sulfate peak at 982 cm−1; (B) same aerosols as “A”
taken at 300 grooves/mm to show the entire spectral range (A,B both
show averages of 11 spectra, so WGMs are not visible); (C) single
spectrum taken at 1200 grooves/millimeter in the water O−H
stretching region showing the WGMs, used to calculate aerosol size
and refractive index, that appear on the broader water peak; and (D)
calibration curve relating Raman peak area to sulfate ion
concentration calculated by refractive index. The fit line has a set
intercept of (0, 0).
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331 the environment of picoliter droplets greatly enhances the
332 kinetics of many chemical transformations.37 Clarke and
333 Radojevic showed that S(IV) oxidation could be substantially
334 faster in sea spray aerosols than in seawater due to catalysis by
335 ions such as Cl−, although whether this was attributable to the
336 aerosol environment was unclear since the concentrations of
337 Cl− and H+ were orders of magnitude larger in their aerosols
338 compared to the bulk.38 Liu et al. used an aerosol flow tube
339 reactor to find that deliquesced, submicron aerosol droplets
340 enhance the rate of S(IV) oxidation by hydrogen peroxide
341 (and by TMIs at pH 2.8; although this effect is inhibited by
342 increasing ionic strength).30 Zhang et al. measured SO2
343 oxidation by Mn2+ and Fe3+ using a smog chamber and
344 calculated the reaction to be 2 orders of magnitude faster for
345 oxidation by Mn2+, assuming that the rate law is the same in
346 the bulk and aerosol phases.11 The studies by both Liu et al.
347 and Zhang et al. were performed under conditions using SO2
348 as the S(IV) source, so it is unknown whether the accelerated
349 reaction is S(IV)aq oxidation, interfacial SO2 (g) oxidation, or
350 both. Indeed, experiments with SO2 (g) are complicated by the
351 solubility of the gas into aerosols, which depends on pH and μ.
352 Therefore, here we used aqueous S(IV) sources at higher pH
353 levels where the formation of SO2 does not occur and S(IV)aq
354 oxidation can be isolated. There is also a recent report by
355 Wang et al. demonstrating aerosol-phase acceleration for the
356 Mn-catalyzed pathway via chamber studies up to pH 7.39 We
357 hope to contribute further to the understanding of S(IV)
358 reaction acceleration by studying the reaction on a single
359 aerosol particle basis.
360 Although aerosol-phase acceleration is more easily explained
361 for highly charged droplets created from electrospray
362 ionization, acceleration has been shown for uncharged aqueous
363 droplets as well.36 We note that differences in rates between
364 the bulk phase and the aerosol observed here are not due to
365 diffusion limitations in the bulk, as demonstrated in the
366 Supporting Information, and therefore, other mechanisms are
367 needed to explain accelerated sulfate formation. As discussed

368in more detail, three relevant factors are considered. The first is
369the enrichment of species from the bulk to the aerosol phase.
370This is quantified by EFs (see Results). Second, we will
371consider the implications of the fact that molecules in the
372aerosol phase have more access to the surface relative to the
373bulk phase. Third, we will discuss the impact of pH on the
374oxidation rate. Finally, we briefly describe how the approach
375used here for these types of reaction acceleration studies is
376consistent with some recent recommendations.40

3774.1. Enrichment. The increase in oxidation rate could
378theoretically be due to increased concentrations in the aerosol
379phase. First, we consider this possibility for the NaCl and
380NaNO3 salts we used. The implication of Figure 4 is that the
381inhibiting effect of increasing [NaCl] or [NaNO3] is mainly
382inhibiting due to increasing μ but slightly less inhibiting than a
383totally inert ion due to the weakly catalyzing nature of NaCl
384and NaNO3.

40 This can be seen by comparing the slopes of
385Figure 4a−c. However, the overall effect for both ions is still
386inhibiting, and therefore, enrichment of these ions into the
387aerosol phase would not accelerate the reaction. We performed
388a similar analysis on the enrichment of S(IV) and TMIs and
389found that, combined, their enrichment would not even double
390the reaction rate, far below what is found in Table 1 (see
391Supporting Information, Discussion 2). Therefore, other
392factors must be the main cause of acceleration.
3934.2. Surface Access. In droplets, molecules have greater
394access to the interface than in bulk solutions. This is quantified
395by two characteristic lengths. The first is the length of the
396compartment in which the molecules are confined, Lcom, and
397the second is the average distance a molecule travels before
398reacting, Lrxn.

41

= *L D trxn 399(6)

400Here, D is the diffusion coefficient and t is the chemical
401lifetime (the product of the concentration and the inverse of
402the rate). Using representative values for our system and the
403diffusion coefficient of sulfite,42 we found Lrxn and Lcom to be
404600 and 8 μm for aerosols and 6200 and 55,000 μm,
405respectively, for the bulk. This indicates that molecular species
406present in the aerosols sample the surface several times before
407reacting, while in the bulk phase, they do not. For this reaction,
408surface access could accelerate the oxidation process by
409increasing interaction with ambient O2 diffusing at the air/
410water interface. Since the reaction steps proceed at different
411rates depending on the form of S(IV), surface access could also
412enhance the process by altering S(IV) speciation.43 It has been
413shown that molecules can have distinct surface and bulk pKa
414values, so it is reasonable to infer that various S(IV) equilibria
415can be different at the interface.27,44 Generally, the more highly
416charged an ion is, the greater the energy cost to move it to the
417air−water interface.45 For our systems, this indicates that
418SO3

•− is more likely to be at the surface than SO4
2−. Given that

419SO3
•− needs to react with O2 for the oxidation to proceed (see

420Supporting Information, Mechanisms) while sulfate is an
421inhibitor of S(IV) oxidation, this relative surface propensity of
422the radical anion creates more favorable reaction conditions at
423the surface compared to the bulk.9 Additionally, it has been
424noted that TMIs themselves can be oxidized or undergo
425complexation during the S(IV) oxidation process, which would
426slow down sulfate formation.19 Since Fe3+ and Mn2+ are more
427highly charged than the radicals that propagate the reaction, it
428is possible that TMIs initiate the process from the core of the
429aerosol and then an accelerated propagation happens with

Figure 4. Impact of various anions on sulfur oxidation rates in bulk
aqueous solutions of (A) [NaCl]; (B) [NaNO3]; and (C,D)
[NaClO4]. All solutions were prepared at pH 5.6. Solutions were
composed of 1 m S(IV), the salt indicated by the x-axis, and for all
data except (B), 0.2 m NaNO3 was used as an internal standard.
(C,D) reflect the same data plotted differently. Error bars show 95%
confidence intervals from linear regression of [SO4

2−] vs time.
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430 radicals and O2 at the aerosol surface. However, the authors
431 emphasize that the complexity of urban aerosols, including
432 very high ionic strengths (>10 M) and the presence of
433 inhibiting organics (Figure S10) may create conditions
434 favoring a different mechanism in the real world.
435 Another key aspect of surface access is interaction with
436 spontaneously generated hydrogen peroxide. Lee et al. showed
437 that supermicron pure water droplets generated ca. 30 μM
438 H2O2 without application of an external catalyst or voltage,
439 which they attribute to OH radical action at the interface.46

440 Since H2O2 is a powerful oxidizer of the S(IV) reaction, even
441 these low concentrations could contribute toward reaction
442 acceleration, especially over timescales of minutes if H2O2 is
443 continuously generated. Using H2O2 production data from Lee
444 et al.,46 literature S(IV) oxidation rate data at our ionic
445 strength,47 and assuming that the rate law from dilute solutions
446 holds for concentrated S(IV) samples, an oxidation rate of
447 0.043 m/min could be obtained (details in the Supporting
448 Information). Furthermore, the production of H2O2 at the
449 interface could be enhanced by the presence of radical
450 intermediates involved in S(IV) oxidation, and the hypothesis
451 that the OH radical plays a role in this H2O2 generation is
452 consistent with our observation that AAFs are higher at higher
453 pH since it is proposed that OH radicals can be generated from
454 hydroxide ions.46

455 4.3. Aerosol pH. We confirmed the pH of the generated
456 aerosols utilizing substrate deposition onto pH paper as
457 described in previous studies (see Figure S7 in the Supporting
458 Information);26,48,49 however, the individual environments
459 within these aerosols may be varied. Indeed, it is possible
460 that a pH gradient exists inside aerosols, creating droplets with
461 more basic cores and more acidic surfaces.50 Although
462 gradients as large as 3.6 pH units have been reported, given
463 how sensitive the reaction is to changes in pH, even a gradient
464 of less than 1 pH unit could explain aerosol-phase acceleration
465 for S(IV)aq oxidation.10,50 This is partly due to the greatly
466 enhanced reactivity of Fe(H2O)5(OH)

2+ compared to Fe-
467 (H2O)6

3+, key complexes for the iron-catalyzed reaction, with
468 the former more present at higher pH.44 Thus, if a gradient
469 does exist in aerosols, then aerosols are ideal reactors for S(IV)
470 oxidation since the process at interfaces is faster at low pH,
471 while the process in the bulk is potentially faster at high pH
472 (although conflicting kinetic orders for H+ at pH above 4 have
473 been reported).9−11,51

474 The existence of an aerosol pH gradient is still under
475 debate,50,52 but it is worth noting that the investigators who
476 proposed it were working with alkaline aerosols, and here we
477 observe larger AAFs for more basic droplets. It is possible that
478 the gradient is an absolute proton concentration difference
479 between the droplet core and surface. In that case, since pH is
480 a logarithmic scale, the pH gradient would be larger at lower
481 proton concentrations. If protons have an inherent surface
482 propensity, then at lower concentrations, a greater fraction of
483 the protons would be able to accumulate at the surface.41,53 A
484 visual representation for our hypotheses for aerosol-phase

f5 485 acceleration is given in Figure 5.
486 4.4. Control of Experimental Variables. There are
487 several precautions that should be taken in reporting droplet-
488 phase reaction acceleration. A recent report by Rovelli et al.
489 provided six recommendations for such studies.40 Our work
490 was consistent with these recommendations as follows. We
491 controlled solvent evaporation by maintaining the RH in the
492 AOT. Our droplet sizes and reagent concentrations were

493precisely known by radius and refractive index data derived
494from the spectral WGMs. We performed experiments on
495varying concentrations within the range of instrumental
496detection. The reaction timescale was controlled because the
497reaction was slow enough that nebulization time was negligible.
498Online detection of products was obtained by collecting
499Raman spectra every second. Finally, by working at high pH
500and not using ionizing nebulizers, we avoided competing gas-
501phase SO2 reactions. Therefore, while our experimental design
502does require the use of relatively high reagent concentrations,
503we are able to effectively measure acceleration by obtaining
504kinetics data for individual droplets in well-controlled environ-
505ments and circumvent several complications that are more
506common in electrospray experiments. Haan et al. has shown
507kinetic enhancement in uncharged drying droplets, and most
508other studies of reaction acceleration use charged droplets.35,54

509Our results are thus unique in that they demonstrate aerosol-
510phase rate enhancement in single uncharged droplets
511maintained at constant, high RH where the concentration of
512reagents over time does not contribute to reaction acceleration.
5134.5. Atmospheric Implications. S(IV) oxidation has
514become a topic of renewed interest due to observations of
515severe haze events that cannot be explained based on current
516knowledge from bulk-phase kinetics parameters.6,7 Laboratory
517experiments to explain these field observations are now being
518reported in the literature. For example, Zhang et al. performed
519smog chamber studies and found that SO2 oxidation is 2 orders
520of magnitude faster in aerosol water than in the bulk,11 which
521is in agreement with the AAFs we report here. Their studies
522were performed at lower pH values than we used (0.4−5.0),
523using much higher TMI concentrations and ppb level SO2
524concentrations. Therefore, their data reflect a combination of
525both the interface-driven oxidation of SO2, which is highly
526efficient at low pH, and the aqueous phase process.51 Our data
527thus confirm that droplet-phase acceleration occurs for the
528aqueous phase process in the absence of SO2 even at high
529S(IV) concentrations and at the low TMI concentrations
530found in the atmosphere.

Figure 5. Visual representation of the various factors that contribute
to aerosol-phase reaction acceleration. H2O2 generation is enhanced
at the interface. A pH gradient creates a more acidic surface and more
basic core, which favors faster reaction conditions (e.g., the reaction at
the bottom of the aerosol is the combination of mechanistic steps
given in eqs S7 and S8 and requires a proton to proceed). Highly
charged TMIs and inhibiting products are spatially co-located in the
aerosol core, while lower charged TMIs, radicals, and O2 concentrate
and react at the interface. Detailed mechanistic steps are omitted from
this conceptual image.
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531 Furthermore, while most previous studies have been
532 performed at low pH, our data for alkaline and neutral
533 droplets show that accelerated S(IV) oxidation is expected for
534 higher pH aerosols found in some portions of the world.3,24 By
535 demonstrating that our AAFs exceed what can be obtained
536 from aerosol-phase enrichment alone, we have shown that
537 distinct surface-driven mechanisms may dominate in aerosols,
538 and control of surface area to volume ratios is essential in
539 investigating the kinetics of this process. On a more
540 fundamental level, our results show that inorganic oxidation
541 processes can be accelerated in uncharged aerosols. This
542 complements the many recent findings of organic accelerated
543 reactions measured in electrospray experiments and encour-
544 ages the use of aerosols in green synthesis and industrial
545 catalysis.
546 We have shown that TMI-catalyzed S(IV) oxidation is
547 significantly accelerated in the aerosol phase. This is a key step
548 forward in understanding the process of atmospheric S(IV)
549 oxidation, as we have decoupled the interfacial and aqueous
550 reactions and definitively shown the latter to be enhanced in
551 the aerosol phase beyond what can be explained by the salting-
552 in of gases. In addition, we have shown how to quantify
553 chemical reaction acceleration in uncharged droplets of
554 constant size measured on a single aerosol particle basis.
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