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13 Abstract. Aqueous-phase oxidation processes significantly promote secondary organic
14  aerosol (SOA) formation, driven primarily by photooxidants including hydroxyl radical
15  (-OH), singlet oxygen ('O.*), and organic triplet excited states (*C*). However,
16  seasonal variations and driving factors of these oxidants in atmospheric aqueous phases
17  remain poorly understood. In this study, we quantified the steady-state concentrations
18  of -OH, '0O2*, and 3C* in PM> s extracts under simulated solar irradiation, and estimated
19  their ranges in ambient aerosol water. The results show that [-OH] exhibited no
20  significant seasonal variation, whereas ['O2*] and [°C*] displayed distinct seasonal
21  variations of winter > autumn > summer. All three oxidants correlated strongly with
22 water-soluble organic compounds (WSOC), especially biomass burning-derived
23 WSOC. By extrapolating the fitted relationships between oxidant concentrations
24 ([-OH], ['02*], and [’C*]) and extract concentrations to ambient conditions, their
25  ranges in ambient aerosol water were estimated as [-OH] = (1.0-5.4) x 107 M, ['0,#]
26 =(2.3-61.9) x 10""' M, and [*C*] = (1.6-35.8) x 10~'2 M. The relative contributions of
27  the three photooxidants to aqueous-phase oxidation of typical organic precursors
28  revealed the dominant role of *C*-mediated reactions in ambient aerosol water, even at
29  low temperatures. This work thus resolves the winter SOA underestimation in current
30 model studies by demonstrating the critical yet overlooked role of *C*-mediated
31  aqueous-phase oxidation.

32 Keywords: Organic triplet excited states; Singlet oxygen; WSOC; SOA; Biomass

33  burning.
34
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37 1 Introduction

38 The atmospheric aqueous phase, including cloud/fog water and aerosol liquid
39  water, serves as a critical medium for photochemical reactions of various atmospheric
40  chemical species (Sun et al., 2025). Numerous reactions that are difficult to initiate or
41  proceed slowly in the gas phase can occur or accelerate in the aqueous phase (Li et al.,
42  2021; Wang et al., 2022a). Extensive research has demonstrated that aqueous-phase
43  oxidation processes contribute substantially to the formation and aging of secondary
44 organic aerosols (SOA). Globally, aqueous-phase SOA contributes at levels comparable
45  to gas-phase SOA; in regions with high humidity and severe pollution, its importance
46  may even surpass gas-phase SOA (Wang et al., 2022b; Wang et al., 2023). Furthermore,
47  incorporating aqueous-phase SOA into atmospheric models significantly improves
48 SOA simulation performance (Al-Abadleh, 2024; Fahey et al., 2025). Thus,
49  investigating aqueous-phase SOA oxidation mechanisms would enhance understanding
50  of SOA formation processes, reduce discrepancies between simulated and observed
51  SOA concentrations, and improve model predictive accuracy for SOA generation.

52 Aqueous-phase oxidation of SOA is driven by oxidants present in the atmospheric
53  aqueous phase, primarily including hydroxyl radical (-OH), singlet oxygen ('O,*), and
54  organic triplet excited states (*C*) (Tilgner et al., 2021; Li et al., 2023; Jiang et al.,
55 2024). Currently, -OH in atmospheric liquid water has been extensively studied.
56  Sources of ‘OH in the atmospheric aqueous phase include gas-phase transport,
57  photolysis of nitrite (NO2"), nitrate (NO3"), hydrogen peroxide (H207), and organic
58  peroxides, photo-Fenton reactions, and photoexcitation of water-soluble organic

4
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59  compounds (WSOC); and the major sink for -OH is organic matter within aqueous
60  droplets (Tong et al., 2020; Dwinandha et al., 2022; Ervens, 2022). Based on field
61  observations and laboratory studies, -OH concentrations in the atmospheric aqueous
62  phase are generally relatively low, typically 10-1*~10~!* mol-L! in cloud water and
63 107°-10"'2 mol-L! in aerosol water (Kaur and Anastasio, 2017; Ma et al., 2023) .
64  However, -OH exhibits exceptionally high reactivity, capable of reacting with virtually
65  all organic compounds in the atmosphere (Krofli¢ et al., 2020; Mitra et al., 2022).

66 Certain organic compounds can absorb solar radiation and become photoexcited
67 to form reactive triplet excited states (*C*). 3C* constitutes effective oxidants capable
68  of generating other oxidants such as 'O>* and H»O», or oxidizing organic compounds
69  directly through electron transfer reactions (Leresche et al., 2021; Mabato et al., 2021) .
70  Laboratory studies have demonstrated that 3C* plays an important role in the aqueous-
71  phase oxidation of phenolic compounds that are abundantly emitted from biomass
72 burning (Mabato et al., 2022; Mabato et al., 2023). Compared to -OH, research on 3C*
73 in the atmospheric aqueous phase remains relatively limited. Since *C* is not a single
74 oxidant but comprises multiple species with diverse reactivities, determination of its
75  steady-state concentration in atmospheric liquid water presents a big challenge
76  (Gemayel et al., 2021; Li et al., 2023). Roughly, the concentrations of 3C* in the
77  atmospheric aqueous phase are slightly higher than -OH: in cloud droplets, C*
78  concentrations range from 107° to 107! mol-L~!, whereas in aerosol water, 3C*
79  concentrations are substantially higher, approximately 10-*~10~!! mol-L-! (Kaur and

80  Anastasio, 2018; Ma et al., 2023).
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81 3C* can transfer energy to dissolved oxygen, forming another important oxidant,
82  'O.* (Gerritz et al., 2024; Zhang et al., 2024). Despite its substantially lower reactivity
83  compared to -OH, 'O2* reacts rapidly with electron-rich organic compounds such as
84  phenols, polycyclic aromatic hydrocarbons, amino acids, and reduced sulfur
85 compounds (Kaur and Anastasio, 2017; Ma et al., 2024). Moreover, laboratory
86  simulation studies have revealed that !0.* concentrations in cloud droplets and aerosol
87  liquid water can exceed -OH concentrations by 2-3 orders of magnitude: 'O*
88  concentrations in cloud droplets range from 10~'* to 10-'2 mol-L~!, whereas in aerosol
89  liquid water, 'O2* concentrations can reach 10°'° mol-L"!, representing the highest
90  concentration among the three oxidants (Kaur and Anastasio, 2017; Ma et al., 2023).
91  Given its relatively high concentrations, 'O2* also represents a potentially competitive
92  oxidant in the atmospheric aqueous phase.
93 Although -OH, 'O;*, and *C* play important roles in the aqueous-phase
94  transformation of atmospheric species, measurements of their steady-state
95  concentrations in the atmospheric aqueous phase remain scarce, and understanding of
96 their seasonal variation characteristics and influencing factors is limited. In this study,
97  we determined the steady-state concentrations of the three major photochemical
98  oxidants (-OH, '0,*, and 3*C*) in PM, 5 extracts under simulated solar irradiation, based
99  on PMa;s samples collected in urban Beijing across different seasons. The objectives of
100  this work were to: (1) compare the steady-state concentrations of -OH, '0,*, and 3C*
101  in PMa;s extracts across different seasons; (2) investigate their influencing factors; and

102  (3) evaluate their contributions to the aqueous-phase oxidation of typical precursors and

6
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103 SOA formation. This study provides significant implications for advancing our
104  understanding of aerosol aqueous-phase oxidation mechanisms in the atmosphere.

105 2 Experimental

106 2.1 Preparation and photooxidation of PM: s extracts

107 Steady-state concentrations of photooxidants were determined in irradiated
108 aqueous PM; ;s extracts, using PMa s samples collected in a mixed traffic—residential—
109  commercial zone of urban Beijing in summer (July), autumn (October), and winter
110  (January). Details of the sampling process can be found in our previous study (Yu et al.,
111 2021a). To investigate the effect of extract concentration on oxidant steady-state
112 concentrations, a high-concentration PM 5 stock extract was prepared and subsequently
113 subjected to serial dilution. The surface of a defined area of each PM s-loaded filter
114  was carefully peeled and cut into small pieces, soaked in 10 mL ultrapure water (18.2
115 MQ-cm), and subjected to ultrasonic extraction for 20 minutes. This extraction
116  procedure was repeated twice. The combined extract was then filtered through a 0.45
117 pm PTFE syringe filter and stored at 4 °C in the dark for further use. The concentration
118  of the stock extract was around 7.5 ug PMzs/mg H>O, approximately an order of
119  magnitude higher than that (0.84 pg PM>s/mg H>O) obtained in previous research
120  (Kaur et al., 2019). Serial dilutions were then prepared by diluting the stock solution 1-
121 fold (neat), 2-fold, 4-fold, 8-fold, 20-fold, 40-fold, and 200-fold with ultrapure water.
122 The aqueous-phase photochemical experiments were conducted in a custom-built
123 reaction system, in which a 500 W long-arc xenon lamp was used to simulate

124  tropospheric solar radiation. Details of the reaction system can be found in the

7
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125  supplement (Sect. S1 and Fig. S1). Steady-state concentrations of -OH, '0>*, and *C*
126  were quantified for each PM» s extract solution. All measurements were performed in
127  triplicate, and mean values are reported.

128 2.2 Determination of photooxidants

129  2.2.1 Formation rate, loss rate, and steady-state concentration of -OH

130 The formation rate (Pon), loss rate constant (£ ‘on), and steady-state concentration
131  (['OH]) of -OH generated from the photoreaction of aqueous PMys extracts were
132 quantified using a competitive kinetic method with benzoic acid /benzoate (BA/BA™)
133 as the probes. 5 mL aliquots of the PMa.s extract were taken and added with sodium
134  benzoate solution to achieve final sodium benzoate concentrations of 20 uM, 30 uM,
135 60 uM, and 200 pM, respectively. The mixtures were then exposed to xenon lamp
136  irradiation and 200 pL of each mixture was withdrawn for every 20 min to quantify the
137  generated 4-hydroxybenzoic acid (4-OHBA) concentration using high-performance
138  liquid chromatography (HPLC). The slope of the linear regression of [4-OHBA] versus
139  irradiation time was designated as kp. With mixtures of different initial concentrations
140  of benzoate, a double-reciprocal plot was constructed with 1/(BA/BA™) as the abscissa
141  and 1/k; as the ordinate. Linear regression of this plot yielded a slope and y intercept,
142 from which Pouexe (M-s™), k’on (s7), and [-OHJexp (M) can be calculated via the

143  following equations (Arakaki et al., 2013; Gweme and Styler, 2024):

1

144 Poypxp = Y interceptxYield v
;o __slope

145 koy = ko (y intercept) ”

146 [- OH]gxp = : ©

koxslopexYield
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147  where Yield represents the formation yield of 4-OHBA from the reaction of -OH with
148  the probes (0.17), and ko is the second-order rate constant for the reaction between -OH
149  and BA/BA~ (M !'s7!), which can be calculated as follows:

150 ko = apankpan,on + Aa~kpa-on (4)
151  Here, keanon and kpa-ou denote the second-order rate constants for the reactions
152  of -OH with BA (4.3 x 10° M!-s!) and BA (5.9 x 10° M!-s7!), respectively; apan and
153  aBa™ represent the molar fractions of BA and BA™ under the solution pH condition,

154  determined from the Henderson—Hasselbalch equation:

BA™
155 pHsample =pK, +1g [[BAH% Q)
156  where pHsample is the pH of the solution, and pK. of BA is 4.19.
157 Porexp and [-OH]exp were then corrected to obtain Pon and [-OH] using the

158 internal light screening factor (Sy) of the extract solution, which can be calculated as

159  follows:

_ ZARI(-10"%Yx1y]
Y420[(2.303%a )X1,]

160 S, (6)
161  where ax(cm™!) is the absorbance of the solution over the wavelength range of 300450
162  nm, measured by UV—-vis spectrophotometry with a 1 cm path length; / (cm) is the depth
163  of the reaction solution; and /) represents the actinic flux of the xenon lamp within the
164  300-450 nm range.

165 To further investigate the influence of NO; and NOs~ photolysis on -OH
166  generation in this study, the formation rates of -OH from NO;  and NO;~ photolysis

167  were also calculated using the following equations:

168 Pounoz- = jnoz-—on X [NO;] @)
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169 Pounos- = jnoz-—on X [NO3] (8)
170  where [NO2 ] and [NO;] denote the concentrations of NO>™ and NO3™ in PMz 5 extract
171  solution (M), respectively; jno2-—on and jnos-—omn represent the photolysis rate constants
172 for NO,~ and NOs~ under the experimental conditions, with jxo2-—on= 3.0x107 s and
173 jnos-—ou= 1.6x107 s,

174  2.2.2 Steady-state concentration of !0;*

175 The steady-state concentration of 'O,* was determined using furfuryl alcohol
176  (FFA) and deuterium oxide (D20). Each PMas extract solution was divided into two
177  equal aliquots, which were then diluted with H,O and DO, respectively. FFA was then
178  added to both aliquots to achieve an initial concentration of approximately 10 uM; this
179  low initial concentration was maintained to avoid depletion of 'O2* during the
180  experiment. The FFA degradation under xenon lamp irradiation was quantified by
181 HPLC at 10-minute intervals, which followed pseudo-first-order kinetics. For all
182  samples, the rate constant for FFA decay in D,O-diluted extract (kp2o, s™') exceeded
183  that in H,O-diluted extract (ku20, s™'), because H2O was the primary sink for 'O,*. The
184  first-order decay rate constant of !O>* in HoO (k'm0 = 2.2 x 10° s7!) is approximately
185  14-fold greater than that in D20 (K'p20 = 1.6 x 10* s71). The steady-state concentration
186  of !Oy* (['02*], M) was then calculated from the difference in FFA decay rate constants

187  between H,O- and D,O-diluted extracts (Kaur et al., 2019):

kp,0-kn,0
—Z )
H,0 1)

7 7 -
KH,0XH0+kD, 0XD,0

188 [10,*]pxp=

DanA+m2X<
189  where D represents the dilution factor, defined as the ratio of undiluted solution volume

190 to the final diluted solution volume (D = 0.5 in this study); krra+102 is the second-order
10
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191  rate constant for the reaction between FFA and 'O>* (1.06 x 108 M~!-s™! at 25 °C); and
192 ymo and yp2o denote the mole fractions of H,O and D>O in the irradiated solution,
193  respectively. The resulting ['O2*]exp values were subsequently corrected to obtain
194  ['O.*] using S (Eq. 6) of the extract solution.

195  2.2.3 Steady-state concentration of 3C*

196 3C* is virtually a mixture of reactive organic species with varying chemical
197  structures and reactivities. In this study, the steady-state concentration of 3C* in
198  irradiated PM, s extract solution was estimated using a dual-probe technique developed
199 by Kaur and Anastasio (2018). The two probes were 2,6-dimethoxyphenol (SYR) and
200  methyl jasmonate (MeJA), with the former being an electron-rich phenol that reacts
201  rapidly with a broad range of C* species, and the latter exhibiting lower but more
202  variable reactivity with different 3C*s.

203 During the experiment, each sample solution was divided into two equal aliquots,
204  to which SYR and MeJA were added to achieve initial concentrations of 0.5—1 ppm and
205 1 ppm, respectively. The low probe concentrations were maintained to prevent
206  depletion of 3C* during irradiation. The SYR and MeJA concentrations during
207  irradiation were quantified by HPLC at 10-minute and 20-minute intervals, respectively.
208  The decay of both probes followed pseudo-first-order kinetics, with the observed rate
209  constant (k’probe, s') determined from the absolute value of the slope of the linear
210  regression of In([Probe]/[Probe]o) versus irradiation time (t). In addition to the reaction
211  with 3C*, both SYR and MeJA were susceptible to oxidation by other photooxidants,

212 such as -OH and 'O»*. Therefore, the observed probe decay rate constant can be

11
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213  expressed as (Kaur et al., 2019):
214 k;robe = kProbe+0H [ OH] + kProbe+102*[102*] + Z(kProbe+3Ci* [3Ci*]) +

215 Z(kProbe+0ther [Other]) +jProbe (10)

216 where kprobetoH, Kpropetiog* » K and kproberomer represent the second-order

Probe+’C;
217  reaction rate constants for the reactions of the probe with ‘OH, 'O2*, 3C* and other
218  oxidants (such as HO,/-O2, Os, -CO;57), respectively; [-OH], ['02*], [2°C*i], and [Other]
219  denote the steady-state concentrations of the corresponding oxidants in the extract; and
220 jprobe is the first-order photolysis rate constant of the probe (s™'). The literature values
221  of the rate constants are: ksyr+on = 2.6 x 10! M 57! kveraron = 6.7 x 10° M ! 57!,
222 ksyriio, =3.6 x 10" M s and kyejasio,r = 6.0 x 10° M' 57!, And the first-order
223  photolysis rate constants of the two probes were experimentally determined as jsyr =
224 4.1 x 10 s and jmesa = 2.8 x 1077 57!, Given the negligible contribution of other
225  oxidants to probe consumption, Z(kprobe+other[Other]) was omitted. Then, the first-order
226  rate constants for reaction of 3C* with SYR and MeJA (K’syr3c+ and K’mesa3c+) can be
227  calculated as follows:

228 Kprobescr = Z(kProbe+3cg* [3Ci*]) = kprove — kproveronl OH] —

229 Kkprove+10,[102*] = jprove an
230  Meanwhile, the 3C* concentration was roughly estimated using an "averaged" second-
231  order rate constant (Kprobe+3c) for the reaction between the probe and the ensemble of

232 3C* species as follows:

* k"ro e,3C*

233 Z[3Ci ]Probe ~ kP pesc (12)
Probe+3Cx

234 To determine kprobe+3c+ in Eq. (12), four model compounds were employed in this

12
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235  work, including 2-acetonaphthone (2-AN), 3’-methoxyacetophenone (3-MAP), 3,4-
236  dimethoxybenzaldehyde (DMB), and benzophenone (BP). Previous studies have
237  demonstrated that highly reactive *Ci* species exhibit rapid reaction rates with both
238 SYR and MeJA, resulting in a small ratio of second-order rate constants
239 (ksyriscir/kmerarsci); conversely, less reactive 3Ci* species show greater disparity in
240  reaction rates with SYR versus MeJA, yielding larger ksyr+3ci*/kmesa+sci values (Kaur
241  and Anastasio, 2018). Thus, the ratio of ksyr+3c*/kmera+3c can serve as a qualitative
242 indicator of the average reactivity of the 3C* mixture. For the four model compounds,
243 the ratios of second-order rate constants with the two probes for 32-AN*  33MAP*,
244 3DMB¥* and *BP* are 100, 32, 8.5, and 1.7, respectively. Thus, the reactivity range of
245  3C* generated from these model compounds upon irradiation encompasses the typical
246  reactivity spectrum of *C* in environmental samples.

247 After the ratio of first-order rate constants (k'syr, sc*/k'mesa, 3cx) for each sample
248  solution was calculated, the two model 3C* species (*Ci* and 3C,*) whose reactivity
249  ratios (ksyr+3c+/kmera+acr) were closest to the sample ratio were identified as the “best-
250 match” model species. Then the following equations were applied to calculate the

251  fractional contributions of model species >Ci* and 3Cy*:

252 KIsyRac* ksyr+:cx[3C*] _ Kksyrsicx _ XBC!*XkSYR+3C;+X3CEXkSYR+3C§ (13)
kimejascs  kmeja+scr’Cl kmejarscr Xact*Kumejavsct tXscy *Kmejasicy

253 ysgr + Xy =1 (14)
254 where ysczand Xsc; denote the fractional contributions of model species 3C1* and 3Co*,
255  respectively. According to the calculated yc: and Xsc; values, the “averaged”

256  second-order rate constant (Kprobet3c+) for the reaction between the probe and 3C* in the

13
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257  sample solution can be estimated, and [*C*] for each sample solution was subsequently
258  calculated using Eq. (12). The calculated [*C*] values were also corrected using Sy (Eq.
259  6) of the extract solution.

260 2.3 PM.s composition analysis and auxiliary measurements

261 The chemical composition of PM 5 (including WSOC, organic source tracers, and
262  water-soluble ions) was analyzed to evaluate its role in photooxidant formation under
263  irradiation. WSOC fractions including total WSOC, moderately hydrophilic WSOC
264  (MH-WSOC), and strongly hydrophilic WSOC (SH-WSOC) were quantified using a
265 carbon analyzer (Shimadzu TOC-L CPN) following appropriate extraction and
266  isolation pretreatments (Yu et al., 2021a). Seven source-specific organic tracers were
267 analyzed by GC/MS/MS (Shimadzu TQ 8040), including primary markers
268  (levoglucosan for biomass burning, cholesterol for cooking) and secondary SOA tracers
269  (phthalic acid for aromatic SOA, 4-methyl-5-nitrocatechol for aged biomass burning
270  SOA, cis-pinonic acid for fresh biogenic SOA, and 2-methylerythritol plus 3-
271  hydroxyglutaric acid for aged biogenic SOA). Water-soluble ions (NOs~, NO", Fe*, an
272 Fe*") relevant to photo-oxidant formation were determined by ion chromatography
273  (Dionex 600). The detailed analytical procedures are provided in our previous work (Yu
274  etal., 2021a;2022).

275 The aerosol water content of PMjs during the sampling period was
276  computationally determined using the ISORROPIA-II thermodynamic equilibrium
277  model (Guo et al.,, 2015; Pye et al., 2020). The concurrent meteorological data

278  (temperature, relative humidity, wind speed, solar radiation, and precipitation) were

14
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279  acquired at 5-minute intervals by an automated HOBO weather monitoring system, and
280  were averaged over 12 hours to align with the PM2 5 sampling protocol.

281 3 Results and discussion

282 3.1 Steady-state concentrations of photooxidants in PM. s extracts

283  3.1.1 Formation rate, loss rate, and steady-state concentration of -OH

284 As shown in Fig. 1a, the formation rate (Pon) and loss rate constant (k ‘on) of -OH
285 inirradiated aqueous PM; s extracts showed greater seasonal variability than its steady
286  state concentration [‘OH]. In fact, Pou and k’ou aligned well with the mass
287  concentration variations of WSOC (Fig. S2), which could be attributable to the dual
288  role of WSOC as both a primary source and major sink for ‘OH (see Sect. 3.2 for
289  detailed discussion). The measured mean values of Pou and k’ou were (6.59 £ 7.12) x
290 107" M-s7' and (2.97 + 2.40) x 10° s7!, respectively. Moreover, the organic carbon-
291  normalized -OH loss rate constant, k’cou, was calculated as (3.5 £ 1.7) x 10% L-(mol
292  C) ''s’!, which was comparable to that ((3.8 + 1.9) x 103 L-(mol C) !s’!) reported by
293  Arakaki et al. (2013). The mean k’c on values in summer, autumn, and winter were (2.8
294 £ 1.1) x 108 (4.0 £ 1.4) x 10%, and (3.7 + 2.3) x 10® L-(mol C) ~''s7!, respectively,
295  indicating enhanced WSOC reactivity with -OH in aerosol liquid water during autumn
296  and winter. The mean [-OH] measured in PM, s extracts was (1.82 £ 0.88) x 10713 M,
297  with seasonal values of (1.65 + 0.44) x 10~ M in summer, (1.94 £ 0.91) x 10> M in
298  autumn, and (1.87 + 1.17) x 107> M in winter. No statistically significant seasonal

299  differences were observed (p > 0.05).

15
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Figure 1. Seasonal variations in (a) the formation rate, loss rate constant, and steady-
state concentration of -OH; (b) steady-state concentration of 'O2*; and (c) steady-state
concentration and reactivity of 3C* in irradiated aqueous PMas extracts (7.5 pg
PM:.s/mg H20).
3.1.2 Steady-state concentration of '0,*

As shown in Fig. 1b, the steady state concentration of 'O>* exhibited greater

seasonal variability than -OH, with a mean value of (6.85 + 0.87) x 10-!> M. While the
16
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308  concentrations of -OH and '0,* were consistent in magnitude with literature values, the
309  annual mean [!O,*]/[-OH] ratio in this study was 376, slightly higher than that reported
310  for Colorado (261; Leresche et al., 2021) but lower than that observed in California
311 (~1000; Jiang et al., 2023; Ma et al., 2024). The seasonal ['O,*] means were (1.25 +
312 0.52) x 107"* M in summer, (4.14 £ 1.24) x 10 M in autumn, and (1.53 + 1.08) x
313 102 M in winter, exhibiting statistically significant seasonal differences (p < 0.05).
314  Notably, the steady-state concentration of 'O2* in winter was substantially higher than
315  that in summer and autumn. The seasonal ['O>*]/[-OH] ratios were 76, 213, and 818
316  for summer, autumn, and winter, respectively, indicating that 'O2* played a more
317  prominent role in aerosol aqueous-phase oxidation during winter, whereas -OH
318  contributed more significantly to summer aerosol oxidation.

319  3.1.3 Steady-state concentration and reactivity of 3C*

320 The steady-state concentration and reactivity of 3C* in irradiated PM>s extracts
321  were estimated from the decay rates of two probes, SYR and MeJA. As shown in Table
322 S, after correction for contributions from -OH and !O,*, the pseudo-first-order rate
323  constants for *C* reaction with SYR (k’syr3c+) were (4.85 £3.21) x 107 571, (7.09 +
324  8.15)x107s7! and (2.79 £4.10) x 10~* 5! in summer, autumn, and winter, respectively,
325  and the contributions of *C* oxidation to the total SYR decay rate (k 'syr) were 48.5%,
326  50.6%, and 63.1%, respectively. Meanwhile, for MeJA, the & 'Mmeia 3cx values were (6.25
327 £6.48) x 10°s! and (1.92 + 2.12) x 107 s! for autumn and winter, respectively,
328  accounting for 31.7% and 56.8% to the total MeJA decay rate; the summer contribution
329  was negligible. These results demonstrated that the importance of 3C* in oxidizing
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330  organic precursors followed the order of winter > autumn > summer. Furthermore, the
331  ratios of k'syr3c* and & 'Mmeiazcx to WSOC mass concentrations (k ’syr 3c+/[ WSOC] and
332 k’Mesa3cx/[WSOC]) also exhibited the order of winter > autumn > summer, consistent
333  with the findings of Chen et al. (2021). This suggested stronger *C* generation per unit
334  WSOC mass in winter, while the lower summer value likely reflected photobleaching
335  or degradation of water-soluble BrC under intense solar radiation (Lei et al., 2025).
336  Thus, *C* photogenerated from BrC could significantly oxidize organic precursors and
337  promote SOA formation in autumn and winter, which is an important SOA formation
338  mechanism that has been overlooked in previous model simulations.

339 The ratio of pseudo-first-order rate constants for *C* reaction with SYR and MeJA
340  (k’syr,sc+/k’Meia, 3cx) indicates the average reactivity of *C*: values approaching unity
341  denote higher reactivity, while elevated values signify lower reactivity (Kaur and
342 Anastasio, 2018; Kaur et al., 2019). As shown in Fig. lc, the ratio of k’syr 3c*/k Mesa 3c*
343  for all samples ranged from 2.5 to 71.4, intermediate between that with triplet
344  benzophenone (*BP*, 1.7) and triplet 2-acetonaphthone (*2-AN*, 100). The mean ratios
345  were 18.6 *+ 15.9 in autumn and 26.3 + 18.0 in winter, showing relatively higher
346  reactivity of *C* in autumn than in winter. The average reactivity of *C* photogenerated
347  from PM; s extracts in this study was comparable to that observed in California during
348  winter (Kaur et al., 2019; Ma et al., 2023). However, the 3C* reactivity of PM, s extracts
349  in this study showed broader range across all samples than that observed in California,
350 likely due to larger sample size and greater pollution variation. Besides, the autumn and
351  winter means of [?C*] were (1.97 = 1.33) x 10'* M and (1.08 + 1.22) x 10 M,
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352  respectively, yielding a [-OHJ: ['02*]: [*C*] ratio of 1: 213: 10 in autumn and 1: 818:
353 58 in winter. Compared to the ratio reported in the California winter study (1: 290: 170),
354  the winter PMy s extracts collected in Beijing produced significantly more 'O2* upon
355 irradiation, whereas the relative importance of 3C* was less pronounced than in
356  California (Ma et al., 2023).

357 3.2 Influencing factors of photooxidants in PM,s aqueous phase

358  3.2.1 Influencing factors of -OH

359 The photoproduction pathways of -OH in aerosol aqueous-phase primarily include
360 photolysis of NO2~, NO3~, H20,, and organic peroxides; photo-Fenton reactions; and
361 photogeneration from WSOC (Mcneill, 2015; Li et al., 2023; Sun et al., 2024). Previous
362  studies in California showed that NO,™ and NO3~ photolysis contributed approximately
363  70%—90% to -OH photoproduction in winter fog droplets and approximately 34% in
364  PMa;s extracts (Kaur et al., 2019; Kaur and Anastasio, 2018). In our PM2 s extracts (Fig.
365  S3), NO2 photolysis contributed 4.5%, 8.4%, and 0.7% to -OH production (Pon, No2-
366 /Pon) in summer, autumn, and winter, respectively, while NO3~ photolysis (Pow, NO3-
367  /Pon) contributed 11.1%, 20.8%, and 7.3%, which were significantly lower than
368  California values. To quantify the impact of other sources on -OH formation, Pon, other
369  was calculated by subtracting Pou, No2- and Pon, Nos- from Pon. As shown in Fig. 2, Pon,
370  omer correlated strongly with WSOC concentration (= 0.89, p < 0.001), moderately
371  hydrophilic WSOC (MH-WSOC, r= 0.78), and strongly hydrophilic WSOC (SH-
372 WSOC, r= 0.81). Further correlation analysis revealed significant associations

373 between Pow, omer and anthropogenic tracers: levoglucosan (» = 0.71), phthalic acid (r =
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374 0.79), and methylnitrocatechol (» = 0.57) (p <0.001), but not with biogenic tracers (e.g.,
375  cis-pinonic acid, »= 0.11; p > 0.05). Water-soluble iron (WS-Fe, = 0.64, p < 0.001)

376  also showed strong correlation, implicating its role in -OH generation.
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378  Figure 2. Correlation coefficients of -OH photoproduction rate (Pon, oter), *OH loss
379 rate constant (k’on), and steady-state concentrations of the three oxidants ([-OH],
380 ['0:*], and [*C*]) in irradiated aqueous PM, s extracts with chemical species in PM> s
381 as well as meteorological conditions.

382 Organic matter can act as both the primary source and sink for ‘OH in PMas
383  extracts (Zhang et al., 2024). In this study, £ ’ou showed a strong positive correlation
384  with WSOC concentration, especially with SH-WSOC (r =0.70, p < 0.001). However,
385  correlation analysis between k’on and organic tracers (Fig. 2) revealed markedly
386  different patterns: k’'on correlated strongly with biomass burning tracers including
387  levoglucosan (= 0.83, p < 0.001) and methylnitrocatechol (» = 0.85, p < 0.001), but
388  weakly or negatively with biogenic tracers including cis-pinonic acid (= —0.33, p >
389  0.05), 2-methylerythritol (r= —0.44, p < 0.05), and 3-hydroxyglutaric acid (r=

390 -0.43, p <0.05). This demonstrates that anthropogenic organic matter, particularly that
20



https://doi.org/10.5194/egusphere-2026-2792
Preprint. Discussion started: 21 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

391  from biomass burning, is efficient in -OH scavenging, while biogenic contributions are
392  negligible or inhibitory.

393 The primary factors influencing the steady state concentration of -OH were further
394  analyzed. Figure 3 shows [-OH] in irradiated aqueous PMz s extracts as functions of
395 NOs;, WS-Fe, and WSOC concentrations. As shown in Fig. 3a, [-OH] increased
396  progressively with NOs~ concentration, since NOs~ photolysis generates -OH without
397  consuming it. Similarly, [-OH] rose gradually with WS-Fe concentration (Fig. 3b),
398 attributable to iron ions promoting ‘OH formation via Fenton and photo-Fenton
399 reactions without significant scavenging. Figure 3c reveals a positive correlation
400 Dbetween [-OH] and WSOC concentration, however, [-OH] plateaued at higher WSOC
401  levels, due to balanced -OH formation and consumption rates.

402 The effects of meteorological conditions on [-OH] were also investigated. As
403  shown in Fig. 2, neither temperature (T; r = 0.13, p > 0.05) nor O3 concentration (r = -
404  0.19, p > 0.05) correlated significantly with [-OH], while relative humidity (RH)
405  showed a relatively strong positive correlation (r = 0.51, p < 0.01). Table S2 reveals
406 that RH correlated more strongly with NOs~, WS-Fe, and WSOC concentrations than

407  did T or O3, explaining RH’s greater influence on [-OH] levels.
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Figure 3. The steady-state concentration of -OH in irradiated aqueous PM; 5 extracts as

functions of (a) NOs;~ concentration, (b) WS-Fe concentration, and (¢) WSOC

'0,* is generated through energy transfer from photoexcited water-soluble organic
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chromophores (forming *C*) to ground-state O, (Ma et al., 2023; Li et al., 2023).

Consequently, ['02*] and [*C*] showed similar correlation pattern with the investigated
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416  factors (Fig. 2). While Kaur et al. (2019) reported a strong correlation between ['02*]
417  and WSOC (R? = 0.94, p < 0.01) in California winter PMy s extracts, our study shows
418  weaker but still significant correlations for both [!02*] (r=0.49, p <0.01) and [*C*] (»
419 = 0.36, p < 0.05) with WSOC. Notably, both species exhibited strong positive
420  correlations exclusively with biomass burning tracers including levoglucosan (!0,*: r
421  =0.78,3C*: r=0.77; p <0.001) and methylnitrocatechol (*O2*: r=0.92, 3C*: r=0.91;
422  p < 0.001), indicating that WSOC from primary biomass burning emissions and
423  subsequent secondary formation contributes highly to *C* and 'O,* production. This is
424 consistent with the strong light absorption by nitroaromatic compounds and phenolic
425  oxidation products from biomass burning in the near-UV and visible regions (Lei et al.,
426  2025), which efficiently promotes 3C* excitation and subsequent 'O>* formation.

427 In contrast, biogenic SOA typically exhibits weak light absorption at 300-500 nm
428 and minimal 3C* and 'O.* generation upon irradiation (Manfrin et al.,, 2019).
429  Additionally, increasing temperature and O; concentration likely enhance both
430  photobleaching of water-soluble BrC under intense solar radiation (Lei et al., 2025) and
431  quenching of *C* and 'O.* in the aqueous phase, resulting in strong negative
432  correlations of T and O3 with 3C* and '02*. The combined effects of high temperature,
433  elevated O3 concentration, and substantial contribution of biogenic SOA to WSOC in
434  summer therefore explain the significantly lower [*C*] and [!O,*] observed in summer
435  compared to winter in this study.

436 Overall, the distinct correlation patterns observed between the three oxidants and

437  chemical species in PMays provide critical insights into their formation mechanisms.
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438  The particularly significant associations of ['0,*] and [*C*] with biomass burning
439  tracers suggest that these oxidants are predominantly generated via the photoexcitation
440  of chromophoric dissolved organic matter derived from biomass combustion (Kuang et
441  al., 2020; Jiang et al., 2023). In contrast, the strong correlations of [-OH] with NOs",
442  WS-Fe, and WSOC indicate a more complex origin, driven by diverse aqueous-phase
443  photochemical pathways, including nitrate photolysis and Fenton-like reactions
444  involving transition metals (Ervens, 2022). This mechanistic divergence aligns well
445  with previous findings (Kuang et al., 2020; Jiang et al., 2023), underscoring the unique
446  role of biomass-derived chromophores in sustaining [!0.*] and [2°C*] compared to the
447  multifaceted sources of [-OH].

448 3.3 Estimation of photooxidant concentrations in aerosol liquid water

449  3.3.1 Effect of extract concentration on photooxidant steady-state concentrations
450 According to the ISORROPIA-II model calculation, the mean ambient aerosol
451  water content in Beijing during the study period was 1062 + 348.0 pg-m>,
452  corresponding to a mean PM> s/H>O ratio of 8.23 + 11.78 pg PM2.s/pug H2O. Accordingly,
453  the maximum PM> s extract concentration used in this study (7.5 pg PM2s/mg H>O)
454  was three orders of magnitude lower than this ambient ratio. To examine extract
455  concentration effects on photooxidant steady-state concentrations, we serially diluted
456  the stock solution (7.5 pg PM2.s/mg H,0) and measured the steady-state concentrations
457  of -OH, '0y*, and *C* at various dilutions, so as to establish the functional relationships
458  between photooxidant concentrations and extract concentration.

459 As shown in Fig.4, ['02*], [?°C*], and [-OH] followed power-function growth with
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increasing extract concentration, exhibiting similar trend profiles. The observed
relationship between [*C*] and extract concentration aligned with the findings by Kaur
et al. (2019). While [*C*] formation increased linearly with WSOC concentration,
elevated WSOC levels also induced 3C* quenching (Wenk et al., 2013; Arciva et al.,
2024), leading to progressively slower [*C*] growth. The parallel concentration profiles
of [!02*] and [2C*] were mechanistically consistent, as !O,* forms via energy transfer
from 3C* to ground-state O (Ossola et al., 2021). Notably, unlike our results, Kaur et
al. (2019) found no significant correlation between [-OH] and extract concentration.
This discrepancy reflects substantial differences in PM2.s composition between Beijing

and California, resulting in distinct dominant -OH generation pathways under

irradiation.
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474  photooxidants in cloud/fog water and aerosol water.

475  3.3.2 Estimation of steady-state concentrations of -OH, !0,*, and *C* in aerosol
476  liquid water

477 Given the substantial similarity in chemical composition between PMz s extracts
478 in this study and cloud/fog droplets, and the overlapping concentration ranges with
479  cloud/fog water components (Kaur and Anastasio, 2017), our fitting curves reasonably
480 represent photooxidant variations in cloud/fog droplets. As shown in Fig. 4d, the
481  steady-state concentrations of photochemically generated oxidants in cloud/fog
482  droplets followed the order of [!0,*] > [3C*] > [-OH], where ['0,*] exceeded [*C*] by
483  10-20 times and surpassed [‘OH] by 2-3 orders of magnitude. As droplet chemical
484  concentrations increase, ['O2*] and [2C*] rise rapidly while [-OH] shows slower growth.
485 The steady-state photooxidant concentrations in atmospheric aerosol liquid water
486  were further estimated through extrapolation. While Kaur et al. (2019) directly
487  extrapolated fitted curves to determine oxidant concentration ranges, this approach
488  carries significant uncertainty. As PM>s/H>O increases, certain water-soluble PMa s
489  components (e.g., HULISws) reach saturation solubility, causing photooxidant
490  concentration growth rates to decelerate and deviate from extrapolated curves. This
491  suggests that Kaur's method may overestimate oxidant levels. We therefore applied this
492  method conservatively, extending fitted curves to PM,s/H,O = 10* pg/mg as upper
493  concentration limits. As shown in Fig. 4d, we established lower limits by assuming
494  saturation occurs at PM>s/HoO = 40 pg/mg, where less soluble organic compounds

495  cease dissolving and photooxidant concentrations plateau. Substitution into the fitting

26



https://doi.org/10.5194/egusphere-2026-2792
Preprint. Discussion started: 21 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

496  equations in Figs. 4a—c yielded the following ranges for photochemically generated
497  oxidants in atmospheric aerosol liquid water: [-OH] = (1.0-5.4) x 107 M, ['0,*] =
498  (2.3-61.9) x 107! M, and [2C*] = (1.6-35.8) x 10~'2 M. In comparison, summer—winter
499  measurements in Davis, California (following Kaur et al., 2019) reported estimated
500 molar concentrations in aerosol liquid water on the order of 10~'* M for -OH, 10~'*-
501 107"'M for !Ox*, and 103102 M for ’C* (Ma et al., 2024). Similarly, winter
502  measurements in Fairbanks, Alaska reported estimated concentrations of up to 5x 10713
503 M for -OH, 3x 10! M for 'O2* and 2x 10~'2 M for 3C* (Heinlein et al., 2025). These
504  wvalues are generally consistent with our predictions.

505 For ambient aerosol liquid water, despite the considerable uncertainties associated
506  with extrapolated oxidant concentrations, it is relatively certain that [*C*] exceeds [-OH]
507 by 2-3 orders of magnitude, and ['0,*] exceeds [-OH] by 3—4 orders of magnitude.
508  Therefore, although 'O2* and *C* exhibit lower reactivity than -OH and 'O,* is highly
509  selective (Manftin et al., 2019), 'O>* and 3C* may still play important roles in aerosol
510  aqueous-phase oxidation processes. Notably, compared to cloud/fog droplets, !O>* and
511  3C* play more prominent roles than -OH in atmospheric aerosol liquid water due to
512 their substantially higher relative concentrations (Fig. 4).

513 4 Conclusions and atmospheric implications

514 Previous field observations in Beijing winter revealed elevated SOA
515  concentrations with increasing SOC/OC ratios under heavy pollution (Yu et al., 2021a;
516  2021b). While weak solar radiation during winter/haze episodes typically maintains low
517  gaseous oxidant levels, this raises the question: what oxidants drive substantial SOA
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518  formation under these conditions? Through experimental approaches, we evaluated the
519  importance of photooxidants in aerosol liquid water for precursor oxidation and SOA
520  formation, aiming to identify missing oxidant sources during winter pollution episodes.
521  The steady-state concentrations of three major photooxidants (-OH, 'O>*, and 3C*) in
522  seasonal PM; s extracts under simulated sunlight were quantified, and their controlling
523  factors were analyzed. While biomass-burning-derived WSOC (both primary and
524  secondary) dominated 3C* and 'O»* production, -OH generation involved multiple
525  sources (NO;~, WS-Fe, and diverse WSOC). Notably, [!0>*] and [*C*] showed strong
526  negative correlations with temperature and Os, whereas -OH exhibited weak
527  correlations with these parameters. Seasonally, -OH dominated summer aqueous-phase
528  oxidation, while 'O,* and 3C* became more important in autumn/winter, which
529  potentially explains the winter SOA formation paradox.

530 Our analysis of the functional relationships between photooxidant concentrations
531 and PM>s extract concentration revealed that [-OH], ['O>*], and [*)C*] all followed
532  power-law growth patterns with increasing extract concentration, though with
533  progressively decreasing growth rates. In ambient aerosol liquid water, [*C*]
534  concentrations exceeded [‘OH] by 2-3 orders of magnitude, while [!0,*] surpassed
535 [-OH] by 3-4 orders of magnitude. Consequently, despite their lower reactivities
536 compared to -OH, the substantially higher steady-state concentrations of both !O,* and
537  3C* suggest that they could play significant roles in atmospheric aqueous-phase
538  oxidation processes.

539 To further investigate the relative contributions of the three oxidants to ambient
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540 aqueous-phase oxidation, we selected typical organic precursors and compared their
541  aqueous oxidation pathways based on the estimated steady-state oxidant concentrations
542  (derived from Fig. 4) and second-order rate constants (Table S3). The precursors
543  included biomass burning emissions such as phenol, resorcinol, hydroquinone, eugenol,
544  and vanillin, which exhibit high SOA formation potential (Li et al., 2023). We also
545  examined green leaf volatiles, including methyl jasmonate, methyl salicylate, foliate
546  acetate, cis-3-hexen-1-ol, and 2-methyl-3-buten-2-ol, primarily emitted from
547  vegetation (Richards-Henderson et al., 2014). Using a cloud droplet concentration of
548 0.5 pg PM2s/mg H>O, the steady-state oxidant concentrations were calculated as [-OH]
549 =28x10" M, ['02*]=1.6 x 102 M, and [3C*] = 1.3 x 107> M. For aerosol liquid
550  water, intermediate values between upper and lower estimates were used, yielding [-OH]
551 =3.2x10"M,['0*]=3.0 x 10" M, and [*C*]=2.4 x 10" M.

552 Figure 5 shows the contributions of each oxidant (-OH, '0,*, and *C*) to aqueous-
553  phase oxidation of typical precursors in cloud droplets and aerosol liquid water,
554 calculated as the product of the steady-state oxidant concentrations and second-order
555  rate constants. In cloud droplets, *C* dominates the oxidation of most precursors
556  except cis-3-hexen-1-o0l and 2-methyl-3-buten-2-ol, where -OH is the primary oxidant.
557  In aerosol liquid water, C* drives the aqueous-phase oxidation of all precursors, while
558  !O,* plays a significantly enhanced role and the role of -OH is minor. In addition,
559  previous studies have demonstrated that the aqueous-phase reaction rates of phenolic
560 compounds and green leaf volatiles with 3C* are temperature-independent Mcneill,

561  2015; Li et al., 2023). The negative correlation between *C* and temperature further
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562  implies that 3C*-mediated SOA formation could remain efficient even at low winter
563  temperatures.

564 In summary, although 'O>* and *C* exhibit lower reactivities than -OH, both
565  species significantly contribute to aqueous-phase organic precursor oxidation and SOA
566  formation, particularly in aerosol liquid water with elevated concentrations of
567  chromophoric dissolved organic matter (Kuang et al., 2020; Jiang et al., 2023). While
568 the volatility basis set and two-product approaches have been widely used for SOA
569  simulation, previous studies have largely focused on ‘OH as the most powerful
570  atmospheric oxidant, attributing SOA formation primarily to -OH-driven oxidation
571  reactions (McVay and Ervens, 2017; Zhang et al., 2023). Current model simulations
572  frequently overlook aerosol aqueous-phase processes, particularly lacking 'O>* and 3C*
573  mediated oxidation mechanisms. This omission possibly explains the systematic
574  underestimation of SOA concentrations during winter and heavy pollution episodes.
575 As a significant source of 'O,* and 3C*, biomass burning emissions promote
576  photochemical aqueous-phase SOA formation by increasing both photooxidant levels
577  and precursor concentrations. Beyond SOA formation, *C* may also drive secondary
578  sulfate production in BrC-rich aerosols through surface reactions (Liang et al., 2024).
579  Consequently, controlling biomass burning, such as crop residue combustion for
580  cooking and heating in rural areas and wood burning for residential heating in Europe
581  and North America, can substantially reduce ambient secondary aerosols by lowering
582  VOC precursors and aqueous photooxidants, thereby suppressing subsequent oxidation

583  (Heinlein et al., 2025). In this study, although the maximum PM> s extract concentration
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584  used (7.5 pg PM2s/mg H>O) was approximately an order of magnitude higher than in
585  previous research (Kaur et al., 2019; Ma et al., 2023, 2024), uncertainties remain in
586  extrapolating photooxidant concentrations to ambient conditions because this value
587  remained 2-3 orders of magnitude lower than typical ambient ratios. Future studies
588  should therefore obtain more precise quantification of 'O>* and 3C* in biomass burning
589  aerosols, and combine these data with model simulations to better assess their
590 environmental impacts on the formation of secondary aerosols such as SOA and sulfate.
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591 Contribution to aqueous-phase oxidation (%)

592  Figure 5. Contributions of -OH, '0,*, and 3C* to the aqueous-phase oxidation of
593  typical organic precursors in cloud/fog droplets and aerosol liquid water.

594

595  Data availability.

596  The research data, which include the formation rates and loss rates of -OH, the steady
597  state concentrations of -OH, 'O2*, and 3C*, as well as the concentrations of other related
598  pollutants, are available at https://doi.org/10.5281/zenodo.20805514 (Cai et al., 2026).
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