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12 Abstract 

13 Photodegradation processes play an important role in releasing elements tied up in biologically 

14 refractory forms in the environment, and are increasingly recognized as important contributors to 

15 biogeochemical cycles. While complete photooxidation of dissolved organic carbon (to CO2), 

16 and dissolved organic phosphorous (to PO4
3-) has been documented, the analogous 

17 photoproduction of sulfate from dissolved organic sulfur (DOS) has not yet been reported. 

18 Recent high-resolution mass spectrometry studies showed a selective loss of organic sulfur 

19 during photodegradation of dissolved organic matter, which was hypothesized to result in the 

20 production of sulfate. Here, we provide evidence of ubiquitous production of sulfate, 

21 methanesulfonic acid (MSA) and methanesulfinic acid (MSIA) during photodegradation of 
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22 DOM samples from a wide range of natural terrestrial environments. We show that 

23 photochemical production of sulfate is generally more efficient than the production of MSA and 

24 MSIA, as well as volatile S-containing compounds (i.e., CS2 and COS). We also identify 

25 possible molecular precursors for sulfate and MSA, and we demonstrate that a wide range of 

26 relevant classes of DOS compounds (in terms of S oxidation state and molecular structure) can 

27 liberate sulfate upon photosensitized degradation. This work suggests that photochemistry may 

28 play a more significant role in the aquatic and atmospheric fate of DOS than currently believed.

29 TOC art 

30
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31 Introduction

32 Photochemical processes convert biologically recalcitrant organic molecules into low molecular 

33 weight compounds and inorganic species, enhancing their bioavailability and thus their mobility 

34 across environmental compartments.1 The attention on the role of photochemistry in the 

35 biogeochemical cycles has been increasing over the last years, especially for those environments 

36 in which biological processes are inherently slow due to low temperatures, lack of water, or 

37 both.2 For example, photodegradation of dissolved organic carbon (DOC) was reported to be 

38 responsible for 75 – 90% of the total carbon turnover in arctic lakes and rivers,3 while in dryland 

39 systems, incorporation of photochemical processes led to substantial improvements of C-cycling 

40 models4. In addition, photochemistry is considered an important degradation pathway for 

41 terrestrial DOC in coastal areas, with 3 – 40% of riverine DOC input expected to be 

42 photochemically mineralized within a few years.1,2 So far, the organic matter 

43 photomineralization studies have focused primarily on carbon, and secondarily on nitrogen and 

44 phosphorus (see reference (1)). However, we can anticipate similar processes for other elements 

45 that are part of the organic matter pool, such as sulfur.

46 In this context, the identification and distribution of photodegradation products is the first step to 

47 understand and quantify the role of sunlight in the biogeochemical cycles. Photochemical 

48 degradation of DOC into CO2, CO, and a suite of low molecular weight carbonyls and 

49 carboxylates has been extensively documented in freshwater and marine environments.1,5 

50 Similarly, dissolved organic nitrogen (DON) is photochemically degraded to NH4
+, primary 

51 amines, amino acids and urea,1,6,7 while dissolved organic phosphorous (DOP) was shown to 

52 release PO3
4- upon photolysis1,8. On the other hand, less is known about the photochemical fate 

53 of dissolved organic sulfur (DOS). So far, only carbonyl sulfide (COS) and carbon disulfide 
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54 (CS2), have been reported as DOS photoproducts, with the majority of the studies focusing on 

55 the marine environment.1,9 Other authors showed the formation of dimethylsulfoxide (DMSO) 

56 from the photodegradation dimethylsulfide (DMS), a volatile organosulfur compound produced 

57 by marine phytoplankton.1,10 To the authors’ knowledge, no direct evidence of the photochemical 

58 formation of sulfate from DOS has been reported so far, even if it might be anticipated based on 

59 the photochemical behavior of DOC, DON and DOP.

60 There is solid support for the photochemical reactivity of DOS. Studies using high-resolution 

61 mass spectrometry (HRMS) showed a high photochemical lability of sulfur-containing organic 

62 molecules from saltmarsh,11 deep sea,12 coastal arctic13 and acid mine drainage14. These studies 

63 consistently reported faster degradation kinetics of CHOS formulas compared to CHO formulas, 

64 and observed the conversion of CHOS into CHO, implying photochemical loss of organic sulfur. 

65 Based on mass balance considerations, we hypothesized that the loss of sulfur should be 

66 associated with the formation of sulfate (photomineralization) and/or other small oxidized S-

67 containing molecules that might elude HRMS detection. This hypothesis is further supported by 

68 the available literature on the photochemistry of DMS, COS and CS2,
1,15 and has already been 

69 put forward by some authors12,14. In this work, we provide direct demonstration that non-volatile 

70 DOS undergoes facile photochemical conversion to sulfate and other small non-volatile organic 

71 compounds, such as methanesulfonic acid (CH3SO3H, MSA) and methanesulfinic acid 

72 (CH3SO2H, MSIA), under environmentally relevant conditions. Together with the enzymatic 

73 hydrolysis of sulfate esters observed in anoxic lake sediments,16 the photochemical degradation 

74 of DOS to sulfate represents one of the few known mineralization (i.e., conversion to SO4
2-) 

75 routes of organic S compounds in aquatic systems.

76
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77 Materials and methods

78 Chemicals and organic matter samples

79 The twenty-two DOS model compounds, the actinometry compounds and the standards for the 

80 analyses were purchased from commercial vendors (Supplementary Text S1). The eight 

81 reference DOM samples were obtained from the International Humic Standard Society (IHSS, 

82 St. Paul, Minnesota), while the ten whole water samples were collected in several sites ranging 

83 from Switzerland (Étang de la Gruyère), to North America (Great Dismal Swamp, Lake 

84 Bradford, Prairie Pothole peat bogs) and Sweden (Storhultsmossen peat bog). More details on 

85 collection and handling of the water samples and isolates can be found in the Supplementary 

86 Texts S1 and S2.

87 Photodegradation experiments

88 The photolysis experiments were performed on reference DOM samples and on field-collected 

89 natural waters or their solid phase extracts at a concentration of  20 mgC L-1 (natural water 

90 experiments), or on solutions containing Dismal Swamp as natural sensitizer (DS2014,  20 mgC 

91 L-1) and the selected DOS model compound (50 µmol L-1) (model compounds experiments). The 

92 natural water experiments were performed at least in triplicates, while the model compounds 

93 experiments at least in duplicate. A summary of the initial dissolved organic carbon (DOC) and 

94 sulfate concentrations, pH and SUVA254 values for the nineteen experimental natural water 

95 solutions is provided in Table S1. Selected DOS model compounds include thiols (cysteine, 

96 glutathione, 3-mercaptopropionic acid, 3-(methylthio)benzoic acid), thioethers (methionine, 

97 biotin, thioanisole, 3-mercaptobenzoic acid), thiophenes (2,2’-bithiophene), thioamides 

98 (thioacetamide), sulfonic acids (cysteinesulfonic acid, methanesulfonic acid, 1-hexanesulfonic 
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99 acid, 2-(cyclohexylamino)ethanesulfonic acid, taurocholic acid, benzenesulfonic acid, 4-

100 toluenesulfonic acid, 1,2-naphthoquinone-4-sulfonic acid, 4-dodecylbenzenesulfonic acid) and 

101 organosulfate esters (pregnenolone sulfate, 4-nitrocatechol sulfate). The chemical structures are 

102 reported in the Supplementary Materials.

103 The experimental solutions (10 mL) were placed in cork-stoppered borosilicate test tubes (Pyrex, 

104 15  85 mm, disposable) and were irradiated for 5 hours inside a photoreactor (Rayonet, 

105 Southern New England Ultraviolet Co) equipped with 6  UVB light bulbs (Southern New 

106 England Ultraviolet Co, RPR-3000 A lamps, peak emission at 310 nm) and a turntable. During 

107 irradiation, a fan was turned on to keep the temperature constant around 30-32 °C. At each hour, 

108 an aliquot was withdrawn for quantification of sulfate via ion chromatography (IC). In the model 

109 compound experiments, MSA was also quantified via IC. For the quantification of volatile and 

110 non-volatile DOS products in the natural water experiments, an aliquot was withdrawn at the 

111 beginning and at the end of the irradiation. MSA and MSIA were quantified by HPLC-ICP-

112 MS/MS, while volatile compounds were estimated from total S measurements via ICP-MS/MS. 

113 Total S was also measured in irradiated gas-purged solutions to assure that only non-volatile 

114 compounds were detected.

115 The light intensity inside the photoreactor was monitored with the chemical actinometer p-

116 nitroanisole/pyridine (PNA-py).17 A solution containing 20 µmol L-1 of PNA and 0.25 mmol L-1 

117 of pyridine in nanopure water was irradiated for 5 hours in the experimental conditions described 

118 above. PNA and pyridine were quantified via ultra-high-performance liquid chromatography 

119 (UPLC) with UV detection. For the sulfate production experiments from DOM and model 

120 compounds, we calculated an integrated irradiance of 65  4 J s-1 m-2 ( = 290 – 400 nm, see 

121 also Figure S1), while for experiments investigating volatile compounds, MSA and MSIA 
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122 production from natural DOM, the irradiance over the same wavelength range was 46  5 J s-1 m-

123 2. More details can be found in the Supplementary Text S3.

124 Control experiments. Control experiments were also performed to unambiguously attribute 

125 sulfate, MSA or MSIA production to photochemical processes, and to show that sulfate 

126 production from DOS is in principle possible under natural sunlight (i.e., at  > 300290 nm), and 

127 in the presence of low DOC and high salts concentrations (i.e., in conditions typical of marine 

128 environments). The detailed description of the control experiments is provided in the 

129 Supplementary Text S4. 

130 Chemical analyses

131 Sulfate and MSA quantification via ion chromatography (IC). Sulfate and MSA were quantified 

132 via ion chromatography using either a DX-320 IC instrument (Thermo Scientific, Sunnyvale, 

133 CA, USA), or a 940 Professional IC Vario instrument (Metrohm). The DX-320 system was 

134 equipped with an EG40 eluent gradient generator, a Dionex Ion Pack AG11-HC RFIC 4 mm 

135 column and its guard column, a Dionex AERS 500 4 mm electric suppressor and an electrical 

136 conductivity detector. The sample injection volume was 250 µL, the flow rate was 1.5 mL min-1 

137 and the following KOH gradient was used: 0 – 11 min, 1 mmol L-1; 11 – 37 min, 1 mmol L-1 to 

138 40 mmol L-1; 37 to 38 min, 40 mmol L-1 to 1 mmol L-1; 38 to 41 min, 1 mmol L-1. In these 

139 conditions, sulfate was eluted at 24.0 min and had an average detection limit of 0.15 µmol L-1. 

140 The Metrohm system was equipped with a Metrosep A Supp 5-250/4.0 column thermostated at 

141 30˚C, a conductivity detector, a chemical suppressor, and was run in isocratic mode. The mobile 

142 phase was NaHCO3 0.8 mmol L-1 + Na2CO3 2.9 mmol L-1 prepared in nanopure water and 

143 delivered at a flow rate of 0.7 mL min-1, while the sample injection volume was 100 µL. In these 

144 conditions sulfate was eluted at 25.5 min and had an average detection limit of 0.16 µmol L-1. 
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145 The two IC systems provided reproducible and comparable results and were used 

146 interchangeably for sulfate detection. The DX-320 instrument was also employed for the 

147 detection of MSA in the model compounds experiments (12.5 min retention time in the 

148 conditions described above), but it was unsuitable for MSA quantification in the natural water 

149 experiments due to the relatively high detection limit (0.37 µmol L-1). In addition, MSA analysis 

150 was not possible with the Metrohm IC systems as MSA co-eluted with acetate, a common DOM 

151 photolysis product.5 

152 Total sulfur determination via ICP-MS/MS. Total sulfur concentrations were measured using an 

153 Agilent 8900 inductively coupled plasma – tandem mass spectrometry (ICP-MS/MS) instrument 

154 equipped with a collision/reaction cell (C/RC) (Agilent Technologies, Switzerland). We used the 

155 integrated sample introduction system (ISIS), a Micromist nebulizer, a Scott double pass spray 

156 chamber, and platinum sampler and skimmer cones. Sulfur was detected in MS/MS mode using 

157 oxygen in the C/RC. The acquisition parameters were as follows: m/z 32 (MS1) - 48 (MS2), as S 

158 formed 32S16O+ in the C/RC in presence of oxygen, integration time 0.05 ms, 1 point per peak, 

159 three replicates and 100 sweeps/replicate. All ICP-MS/MS parameters were optimized daily 

160 using a solution containing 1 µg L-1 of Li, Co, Y, Tl, and Ce. Only the gas flow rate and the 

161 energy discrimination were set to 30% O2 with 2 mL min-1 H2 and -8 V. An internal standard 

162 containing Sc (1 mg L-1), In (1 mg L-1) and Lu (1 mg L-1) was used to check the stability of the 

163 signal during the runs. Quantification was done by external calibrations using standards prepared 

164 in nanopure water. The detection limit was 6 nmol L-1. The natural water samples were diluted to 

165 be in the concentration range of 1.2 to 0.012 µmol L-1. 

166 MSA, MSIA, DMSO quantification via HPLC-ICP-MS/MS. Sulfur speciation analysis via HPLC-

167 ICP-MS/MS was performed using an Agilent 1200 series HPLC pump and the Agilent 8900 
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168 ICP-MS/MS instrument described above. The chromatographic separation was performed with 

169 an Hypercarb 4.6x100 mm, particle size 5 µm column (Thermo Fisher) and an elution gradient 

170 based on changes in formic acid concentration (24 - 240 mmol L-1). The mobile phase was 

171 delivered at 1 mL min-1 and the sample injection volume was 100 µL. As for total S 

172 quantification, S speciation was analyzed in MS/MS mode using oxygen in the C/RC, following 

173 the same tuning procedure and C/RC settings. The acquisition parameters were m/z 32 – 48 and 

174 an integration time of 0.05 ms. An internal standard containing Sc (5 mg L-1) and Y (5 mg L-1) 

175 was delivered post-column using a T-connector and the peristaltic pump of the ICP-MS/MS. 

176 This allowed to monitor the signal stability during the analyses. Quantification of MSA and 

177 MSIA was done by external calibrations using standards prepared in nanopure water. Detection 

178 limits were 7 nmol L-1 for MSA and 38 nmol L-1 for MSIA. The experimental samples were 

179 analyzed undiluted.

180 Other analyses. Total non-purgeable organic carbon (TOC) was determined using a TOC 

181 analyzer (Shimadzu Corporation). PNA and pyridine concentrations were measured with a 

182 Waters ACQUITY UPLC system equipped with a C18 column (ACQUITY UPLC BEH 130 

183 C18, 1.7 µm; 2.1  150 mm) and its guard column (ACQUITY UPLC BEH C18 VanGuard Pre-

184 column, 130Å, 1.7 µm, 2.1 mm  5 mm). The analyses were performed in isocratic mode using a 

185 mixture of 40% acetate buffer pH 6 (+ 10% acetonitrile) and 60% acetonitrile as eluent, a flow 

186 rate of 0.15 mL min-1, 5 µL injection volume and UV-Vis detection at 310 and 250 nm for PNA 

187 and pyridine, respectively. UV-Vis spectra were recorded with a Cary 100 Bio 

188 Spectrophotometer (Varian) using a 1 cm pathlength quartz cuvette in double beam mode.

189 Data analysis 
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190 Natural waters experiments. For each individual experiment, the concentration of photoproduced 

191 sulfate at time t ([SO4
2-]t) was calculated according to equation (1), where [SO4

2-]0 is the initial 

192 sulfate concentration (Table S1).

Δ[SO2 ―
4 ]𝑡 = [SO2 ―

4 ]𝑡 ― [SO2 ―
4 ]0 (1)

193 For each field-collected water or reference DOM sample, [SO4
2-]t values from independent 

194 triplicate experiments were averaged and the associated standard deviation was calculated. The 

195 averaged [SO4
2-]t values over 5 hours of UVB irradiation were fitted with a monoexponential 

196 growth function (equation (6); see Results and Discussion) using a weighted non-linear fit 

197 (Matlab R2018b). The initial sulfate production rate (R0
sulfate, in mmol L-1 h-1) was calculated 

198 from the product of the fitting parameters (equation (7); see Results and Discussion).  The initial 

199 sulfate production quantum yield (0
sulfate) was obtained from the same dataset using as x-axis 

200 the absorbed photons instead of the time (Supplementary Text S5). 

201 For the 5-hour time point, the fraction of the initial DOS converted to sulfate (fsulfate,5h) was 

202 calculated according to equation (2).

𝑓sulfate,5h =
Δ[SO2 ―

4 ]5h

[DOS]0

(2)

203 where [SO4
2-]5h is the photoproduced sulfate according to equation (1) and [DOS]0 is the initial 

204 DOS concentration. [DOS]0 was calculated according to equation (3),18,19 where [S]0 was 

205 obtained via ICP-MS/MS and [SO4
2-]0 via ion chromatography, and ranged from 3.3 to 34 µmol 

206 L-1 (Table S2). 

[DOS]0 = [S]0 ― [SO2 ―
4 ]0 (3)
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207 The product distribution was calculated according to equation (4), where [volatiles]5h = 1 – 

208 [S]5h/[S]0. Note that [volatiles]5h was set to zero if [S]5h/[S]0 + error  1 (the error is the standard 

209 deviation of triplicate experiments). 

%X =
[X]5h

Δ[SO2 ―
4 ]5h + [MSA]5h + [MSIA]5h + [volatiles]5h

(4)

210

211 Model compounds experiments. In the model compounds experiments, sulfate photoproduction 

212 was corrected for the background of the natural sensitizer (DS2014) according to equation (5).

[SO2 ―
4 ]𝑐𝑜𝑟𝑟,𝑡 = Δ[SO2 ―

4 ]𝑡 ― Δ[SO2 ―
4 ]𝑡,DS2014 (5)

213 where [SO4
2-]t,DS2014 is the photoproduced sulfate at time t generated from the natural sensitizer 

214 in the absence of amendments. The MSA data were not corrected due to the negligible 

215 background from the natural sensitizer in the concentration range of interest. 

216

217
218  
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219 Figure 1 Photochemically induced changes in sulfur speciation in reference and field-
220 collected DOM samples. A. White and blue bars represent [S]0-normalized sulfate 
221 concentrations at the beginning and at the end of the irradiation, respectively. The numbers 
222 above the bars indicate the fraction of [DOS]0 converted to sulfate after 5 hours of UVB 
223 irradiation (fsulfate,5h). The error bars are obtained from error propagation of the standard 
224 deviations in [S]0, [SO4

2-]0 and [SO4
2-]5h (triplicate measurements). In these experiments, 5 hours 

225 of irradiation were approximately equivalent to 11 hours during a clear midsummer day 
226 (Supplementary Text S3; I = 65  4 J s-1 m-2). B. Changes in total sulfur during UVB irradiation 
227 experiments. The error bars are standard deviations of independent triplicate experiments, while 
228 the asterisk(s) indicates samples with [S]5h/[S]0 ( error) below unity (* = value within 5%; ** = 
229 value within 10%). In these experiments, the absolute irradiance was 46  5 J s-1 m-2 ( = 290 – 
230 400 nm). The acronyms for the waters can be found in Table S1, while the numeric values of 
231 fphoto,5h and [S]5h/[S]0 and their associated experimental errors are in Table S2 and S3, 
232 respectively.

233

234 Results and discussion

235 Photochemical production of sulfate from DOS

236 Aqueous solutions of reference DOM isolates from soil, river and lakes and field-collected 

237 natural waters from lakes, swamps and peat bogs were irradiated with UVB light under 

238 laboratory conditions, and sulfate photoproduction was quantified via ion chromatography 

239 (Figure S5). This collection of materials was chosen to reflect a wide range of natural DOM 

240 variability, from terrestrially- (i.e., Dismal Swamp; DS) to microbially-derived (i.e., Pony Lake 

241 fulvic acid; PLFA) organic matter end members,20,21 as can be inferred, for example, from the 

242 relatively wide range of SUVA254 values of our samples (Table S1). We focused on freshwater 

243 environments due to the analytical challenges of detecting small sulfate variations in the large 

244 sulfate background typical of marine samples, and on the lack of easily accessible marine 

245 reference material. The lamp spectrum shows a reasonable Gaussian distribution centered around 

246 310 nm, with a shorter wavelength cut-off of 280 nm (Figure S1). Wavelengths < 290 nm 

247 accounted only for 1.6% of total lamp irradiance, implying that the photochemical processes 

248 observed in our work are mainly triggered by environmentally relevant wavelengths.
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249 Overall, 10 to 50% of the initial DOS was mineralized to sulfate after an irradiation period 

250 approximately equivalent to a whole clear midsummer day (fsulfate,5h, Figure 1A), even though 

251 variations were observed across samples. Significantly higher fsulfate,5h values were obtained for 

252 the Prairie Pothole porewaters (50  5 % and 52  4 %) compared to the surface waters of the 

253 corresponding pools (19  1 % and 29  4 %, respectively), which exhibited photochemical 

254 behavior analogous to the other field-collected surface waters and the reference DOM samples 

255 (fsulfate,5h  10 – 30%). Smaller variations could also be identified within the surface water 

256 samples. For instance, fsulfate,5h values of the Prairie Pothole surface waters, the three DS samples 

257 and PLFA were overall higher than the other samples (27  4 % (N = 6) vs 14  3 % (N = 11)). 

258 We speculate that the higher mineralized fractions in these waters may be due to specific 

259 characteristics of these three environments. Sleighter et al. showed that diagenetic sulfurization 

260 occurs in the Prairie Pothole sediments, resulting in the formation of an abundant pool of S-

261 enriched DOM that is not found in typical lacustrine environments,22 as confirmed by the low 

262 DOC/DOS ratios of the porewaters compared to the other samples (Table S2). Water circulation 

263 within the wetland brings the S-enriched DOS from the sediments to the surface,22,23 where 

264 oxidative transformations can occur11,23. Thus, we reason that the Prairie Pothole surface waters 

265 are more reactive than common surface waters due to a higher content of organic sulfur, but less 

266 reactive than the corresponding porewaters due to a lower fraction of reduced sulfur species. 

267 Dismal Swamp is characterized by a relatively high iron content and high hydroxyl radical 

268 steady-state concentrations (during irradiation),24 which may trigger DOS degradation 

269 mechanisms that would otherwise be of limited relevance. Finally, the higher photochemical 

270 reactivity of PLFA might be related to its molecular composition, which is dominated by 

271 bacterial- and algal-derived organic matter.20 This difference in source material compared to 
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272 terrestrially-derived DOM might result in a different distribution of S oxidation states, an 

273 increased photochemical reactivity (already documented for triplet DOM-related processes)25, or 

274 a combination of these two factors.

275 To test whether complete photomineralization can occur, long-term irradiations were also 

276 performed on PLFA and DS water (Figure 2A and S6A, respectively). Both samples showed a 

277 clear plateau in sulfate production, with a fractional yield (Ysulfate; see below) of 67% and 85% 

278 for PLFA and DS, respectively. This result indicates that the majority, but not all, of [DOS]0 

279 could be converted to sulfate, suggesting that photorefractory (i.e., photochemically stable) 

280 compounds might be present before or might be formed during irradiation. Furthermore, in 

281 PLFA, the plateau was observed when sulfate production was plotted vs absorbed photons 

282 (Figure 2A), while in DS the plateau was observed when using irradiation time as x-axis (Figure 

283 S6A). The difference between irradiation time and absorbed photons is related to 

284 photobleaching, i.e. the destruction of chromophores, which is a well-known process in DOM 

285 photochemistry.26 Photobleaching was observed for both waters (Figure S6B), but appeared to 

286 limit sulfate production for PLFA only, hinting that different sulfate production mechanisms 

287 might be active in the two samples.

288 For more insight into the sulfate production mechanisms, we analyzed the sulfate 

289 photoproduction kinetics and tested for correlations with relevant water chemistry parameters. 

290 We fitted the sulfate concentration profiles with an exponential growth function (equation (6); 

291 Figure S5), where the pre-exponential term is proportional to [DOS]0 via the constant Ysulfate, and 

292 k is the apparent pseudo-first-order rate constant. We defined Ysulfate as the fractional yield of 

293 sulfate, thus the moles of sulfate produced per mole of DOS that reacts.
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Δ[SO2 ―
4 ]𝑡 = [SO2 ―

4 ]𝑡 ― [SO2 ―
4 ]0 = [DOS]0𝑌sulfate(1 ― 𝑒 ―𝑘𝑡) (6)

294 Apparent first-order kinetic behavior is a common feature of complex chemical mixtures,27 and 

295 has already been reported for DOC28. For each field-collected and reference DOM sample, the 

296 initial sulfate production rate (R0
sulfate, in µmol L-1 h-1), which is defined as the product of the 

297 initial rate of light absorption (R0
abs) and the quantum yield of sulfate production (sulfate), was 

298 calculated according to equation (7) using the parameters obtained from the non-linear fit.

𝑅0
sulfate = 𝑅0

𝑎𝑏𝑠Φsulfate = 𝑘𝑌sulfate[DOS]0 (7)

299 R0
sulfate varied among the nineteen samples both as a function of [DOS]0 and as a function of the 

300 apparent rate constant (Table S2). Despite of these variations, a significant correlation was found 

301 between R0
sulfate and [DOS]0 when excluding the porewater samples (N = 17, R2 = 0.95; Figure 

302 2B), revealing that the photochemical reactivity of DOS is overall comparable across a wide 

303 range of environments. The porewater samples displayed higher apparent rate constants, further 

304 confirming the high photochemical reactivity of DOS in these samples in correlation with the 

305 increased proportion of reduced S species (see above). 

306 The same trend reported in Figure 1B was observed when the initial sulfate production quantum 

307 yield (0
sulfate, i.e., moles of sulfate produced per moles of photons absorbed) was plotted against 

308 [DOS]0 (Figure S7A). The fact that 0
sulfate (thus R0

sulfate; see equation (7)) depends on [DOS]0 

309 can be justified considering some basic principles of photochemical kinetics. We reasoned that 

310 whether sulfate is produced via direct or indirect photolysis, its quantum yield is expected to 

311 increase linearly with [DOS]0. For instance, for a generic indirect process mediated by a 

312 photochemically produced reactive intermediate (PPRI), sulfate can be described by the 

313 following equation.
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Φsulfate = ΦPPRI ∙
𝑘PPRI

𝑟𝑥𝑛,DOS[DOS]0

𝑘PPRI
𝑑

∙ 𝑌PPRI
sulfate

(8)

314 where PPRI is the PPRI production quantum yield, kPPRI
rxn,DOS is the bimolecular rate constant 

315 for the reaction with DOS, kPPRI
d is the total deactivation rate constant, and YPPRI

sulfate is the 

316 fractional yield of sulfate formed via reaction with PPRI. Comparable equations can be derived 

317 for direct photolysis or for a combination of direct and indirect photolysis (Supplementary Text 

318 S6). 

319

320 Photochemical production of other S-containing low-molecular-weight compounds from 

321 DOS

322 To investigate whether other non-volatile DOS products are formed during UVB irradiation, the 

323 samples were also analyzed by high-performance liquid chromatography coupled to inductively 

324 coupled plasma – tandem mass spectrometry (HPLC-ICP-MS/MS). We found methanesulfonic 

325 acid (MSA) to be a common DOS photodegradation product, given its detection in all irradiated 

326 samples at concentrations ranging from 12.6  0.8 nmol L-1 (PO3) to 300  30 nmol L-1 (pw P8). 

327 Similarly, methanesulfinic acid (MSIA) was observed in seventeen out of nineteen samples at 

328 concentrations up to 10 times higher than MSA (Table S3). Furthermore, some of the samples 

329 with the highest [DOS]0 showed few additional peaks in their chromatograms that were not 

330 present before irradiation (Table S3). Even though we did not identify these additional products, 

331 this result hints that sub-nanomolar concentrations of other S-containing compounds might also 

332 be produced in samples with lower [DOS]0. Finally, dimethyl sulfoxide (DMSO), a known 

Page 16 of 34

ACS Paragon Plus Environment

Environmental Science & Technology



17

333 aqueous-phase DMS photooxidation product,1,15 was never detected after irradiation, which fits 

334 the view that DMSO is a DMS-specific photooxidation product. 

335 Total sulfur was also quantified by ICP-MS/MS before and after UVB irradiation in order to 

336 estimate the relative importance of volatile vs non-volatile organosulfur products. Indeed, COS 

337 and CS2 are the only (non-DMS) DOS photoproducts that have been reported in the literature so 

338 far.1,19,29–33 Studies of COS and CS2 photoproduction are mostly limited to coastal and open 

339 ocean environments, with a single work investigating a freshwater system (an artificial lake).9 

340 Based on this latter publication and on mechanistic studies showing COS production from the 

341 DOM-photosensitized degradation of cysteine, glutathione and other thiols,34–38 which are 

342 ubiquitous compounds in the environment (Table S4 and references therein), we anticipated that 

343 these volatile compounds should also be formed (and lost to the headspace) during our 

344 irradiation experiments. The resulting mass balances, expressed as [S]5h/[S]0 ratio, were complete 

345 for most of the samples, indicating that COS and CS2 were at most minor products (Table S3 and 

346 Figure 1B). The only notable exception was the samples collected from Étang de la Gruère, 

347 which had a [S]5h/[S]0 value considerably lower than unity (0.87  0.01). Unfortunately, the 

348 relatively high experimental error of our method provides only an estimate of the contribution of 

349 volatile species to the inventory of DOS photoproducts. Future studies based on direct gas 

350 measurements would be needed to accurately quantify photochemical production of COS and 

351 CS2 in freshwater environments. 

352 In order to understand the relative importance of each degradation pathway, we estimated the 

353 product distribution in each DOM sample (Figure 2C and Table S3). Note that, due to the 

354 relatively high experimental errors, volatile product contributions were considered only if 

355 [S]5h/[S]0 + error < 1.  Overall, sulfate was the main photoproduct, representing 28 – 94% of the 
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356 reacted DOS pool, with a median value of 75%. MSIA and MSA were 0 – 39% (median: 14%) 

357 and 1.2 – 8% (median: 3.4%) of the products, respectively. In the six (of nineteen) samples 

358 where the mass balance was significantly different from 100% (indicating that S was lost to 

359 volatile products) the volatile species represented 15 – 71% of the reacted pool (median: 34%). 

360 These results mirror the behavior of DOC, as CO2, the highest oxidation state product, is released 

361 approximately 2 to more than 65 times more effectively than CO, the second most abundant 

362 DOC photoproduct.39

363  
364 Figure 2 Long-term PLFA degradation kinetics, and sulfate, MSA and MSIA production 
365 from naturally-occurring DOS. A Long-term photomineralization for PLFA. The derivation of 
366 the lower x-axis (absorbed photons) is described in the Supplementary Text S5. The error bars 
367 are standard deviations of triplicate experiments. B Linear regressions of R0

sulfate vs [DOS]0 for 
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368 the field-collected (squares) and reference (circles) surface water and soil DOM (R2 = 0.95, N = 
369 17, slope = (0.089  0.005) h-1). The porewater samples (blue filled squares) are excluded from 
370 the fit. When not visible, the error bars are within the symbols. Numerical values of R0

sulfate and 
371 [DOS]0 and their associated errors are listed in Table S2. C Box plot showing the products 
372 distribution for the nineteen samples investigated. The numbers in blue show the ranges for each 
373 single product, while N indicates the number of DOM samples in which the product was 
374 observed after irradiation. The numerical values for each DOM sample are listed in Table S3.

375

376 Environmentally relevant molecular precursor of sulfate and MSA

377 To identify possible molecular precursor substrates for sulfate and MSA production, twenty-two 

378 organic sulfur model compounds (Figure S8) were irradiated with UVB light in the presence of a 

379 natural sensitizer (Dismal Swamp water), and both sulfate and MSA were quantified via ion 

380 chromatography (Table 1 and Figure S9). The model compounds were selected based on the 

381 oxidation state of the S atom(s) and the aliphatic/aromatic nature of the carbon scaffold. 

382 Specifically, we focused on the three most abundant S oxidation states found in natural organic 

383 matter (Figure S10 and references therein), namely S(-II) (thiols, thioethers and thiophenes), 

384 S(+IV) (sulfonic acids) and S(+VI) (organosulfates). For each S oxidation state, several aromatic 

385 and aliphatic compounds were selected in order to test whether the molecular structure 

386 influences the photochemical fate of the S atom(s). Altogether, this collection of model 

387 compounds includes molecules that have already been detected in the environment or that might 

388 be present in DOS with a modified carbon scaffold (Tables S4-S5). 

389 Table 1 Photosensitized production of sulfate and MSA from individual model compounds. 
390 Summary of sulfate and MSA concentrations detected after 2 hours of UVB irradiation (I = 65  
391 4 J s-1 m-2) in the presence of an individual model compound (50 µmol L-1) and a natural 
392 sensitizer (Dismal Swamp water). The molecular structures are provided in Figure S8, and the 5-
393 hour irradiation kinetics in Figure S9. N.D. = no peak detected; N.S. = non-significant ([SO4

2-

394 ]corr,2h < 0.0  0.2 µmol L-1). a Hybridization of carbon atoms bound to sulfur referred to as 
395 aliphatic (sp3) or aromatic (sp2) in the main text. b Corrected for the sulfate produced by the 
396 natural sensitizer.  c + = detected in the environment (references in Table S4); * = surrogate for 
397 S-containing functional groups present in environmental systems (see Table S5 for examples). d 

398 50 mgC L-1 addition of bovine serum albumin is equivalent to  25 µmolS L-1.
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399

Compound
C 

hybridization 
a

[SO4
2-]corr,2h 

(µmol L-1) b
[MSA]2h 

(µmol L-1)
Environmental 

occurrence c

S(-II): Thiols, thioethers and thiophenes
Cysteine sp3 2.2  0.2 N.D. +
Methionine sp3 1.87  0.03 1.97  0.02 +
Glutathione sp3 2.5  0.4 N.D. +
Bovine serum albumin d sp3 1.1  0.4 N.D. *
3-Mercaptopropionic acid sp3 1.08  0.02 N.D. +
Biotin sp3 2.6  0.2 N.D. +
Thioacetamide sp2 7.3  0.3 N.D. *
3-(Methylthio)benzoic 
acid

sp2/sp3 0.25  0.05 4.5  0.8 *

Thioanisole sp2/sp3 1.00  0.02 0.62  0.01 +
3-Mercaptobenzoic acid sp2 3.4  0.3 N.D. *
2,2’-Bithiophene sp2 20  3 N.D. *

S(+IV): Sulfonic acids
Cysteinesulfonic acid sp3 N.S. N.D. *
Methanesulfonic acid sp3 N.S. N.D. +
1-Hexanesulfonic acid sp3 N.S. N.D. *
2-(
Cyclohexylamino)ethane 
sulfonic acid

sp3 N.S. N.D. *

Taurocholic acid sp3 N.S. N.D. *
Benzenesulfonic acid sp2 1.5  0.1 N.D. *
4-Toluenesulfonic acid sp2 4.3  0.2 N.D. +
1,2-Naphthoquinone-4-
sulfonic acid

sp2 35  2 N.D. *

4-Dodecylbenzenesulfonic 
acid

sp2 1.2  0.1 N.D. +

S(+VI): Organosulfates
Pregnenolone sulfate - 3.0  0.1 N.D. *
4-Nitrocatechol sulfate - 3.7  0.1 N.D. *

400

401 Nearly all model compounds could be photomineralized to sulfate, albeit with different kinetics 

402 and different yields (Figure S9). The aliphatic sulfonic acids were the only molecules that 

403 showed no sulfate production. In two cases (cysteinesulfonic acid and MSA), we could 
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404 experimentally confirm the photochemical stability of the parent compound ([MSA]5h/[MSA]0h = 

405 1.00  0.06; [CysSO3H]5h/[CysSO3H]0h = 1.03  0.04), providing good support for the hypothesis 

406 that the incomplete conversion of DOS to sulfate can also be due to the initial presence and/or 

407 formation of photochemically stable DOS components.  Such photorecalcitrant molecules can be 

408 produced from biological activity (i.e. cysteinesulfonic acid)40 or could be formed during DOS 

409 photodegradation (i.e. MSA). In addition, MSA was always formed during the photodegradation 

410 of methyl thioethers, suggesting that methionine and other naturally occurring methyl thioethers 

411 can be the precursors of MSA. In one case, MSA was produced in higher yields than sulfate (3-

412 (methylthio)benzoic acid: [SO4
2-]corr,2h = 0.25  0.05 µmol L-1; [MSA]2h = 4.5  0.8 µmol L-1), 

413 reinforcing the idea that sulfate is not necessarily the only photodegradation product of DOS.

414

415

416 Figure 3. Overview of the photochemically induced DOS cycle in sunlit surface waters and 
417 possible implications for DOS biogeochemistry. The dotted lines represent photochemical 
418 processes. The photoproducts identified for the first time in this study are in black-framed boxes. 
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419 Legend: a. photomineralization; a’. photofragmentation; b. sulfate assimilation and DOS release 
420 from phytoplankton; c. microbial DOS uptake; d. downwelling; e. upwelling; f. outgassing.

421

422 Implications and open questions

423 Our study reports direct evidence of sulfate production from the photochemical degradation of 

424 dissolved organic sulfur from a variety of natural freshwater samples (Figure 3). This finding 

425 fills in the general picture of the role of photochemistry on the biogeochemical cycle of the main 

426 elements, showing that, similar to dissolved organic carbon,1 nitrogen6,7 and phosphorous8, also 

427 DOS can be converted to its inorganic form via photochemical routes. 

428 In addition, the identification of a photomineralization mechanism provides a more complete 

429 picture on the biogeochemistry of DOS. Only few studies on DOS photodegradation can be 

430 found in the literature,11,12,14 which focused on the loss of DOS formulas via HRMS, and not on 

431 the identification of the S-containing products. The inverse is true for the studies of 

432 photochemical formation of COS and CS2 in the natural environment,1,19,29–33 which described 

433 the appearance of products with no clear link made to loss of DOS. Our work provides a bridge 

434 between these two research themes. First, it suggests that sulfate is the most likely product 

435 associated to the loss of DOS observed in the HRMS studies. For instance, Gomez-Saez et al. 

436 reported up to  30% of [DOS]0 loss after 2 days of solar irradiation in saltmarsh porewater 

437 samples. Even though care should be taken when comparing results obtained with different light 

438 sources, this number qualitatively agrees with the high mineralized fractions (i.e. DOS 

439 conversion to sulfate) that we observed for our porewater samples (fphoto,5h = 50 – 52%). Second, 

440 the present work gives a sense of the relative importance of the different degradation pathways. 

441 In particular, we found that sulfate is often the main photodegradation product, while the other 

442 volatile (COS, CS2) and non-volatile (MSA, MSIA) low-molecular-weight compounds are 

Page 22 of 34

ACS Paragon Plus Environment

Environmental Science & Technology



23

443 quantitatively less important in terms of mass balance. These results echo the observation that 

444 CO2, the most oxidized carbon form, is the most abundant DOC photodegradation product.1 Our 

445 results are directly relevant to aquatic terrestrial organic matter in freshwater systems, but we 

446 expect them to hold valid also for marine DOM. Control experiments showed no suppression in 

447 sulfate production at high ionic strength and low DOC concentrations, which are conditions 

448 typical of marine environments (Supplementary Text S4). In addition, preliminary results with a 

449 marine DOM sample collected in the Pacific Ocean were found in good agreement with the 

450 findings presented in this work for terrestrial DOM and for Pony Lake fulvic acid 

451 (Supplementary Text S4), which has been used by other authors as a surrogate for marine 

452 DOM21. As a further point, model compounds able to produce both sulfate and COS are present 

453 in both terrestrial and marine environments (Table S4). For instance, glutathione, which can 

454 produce both COS35,38 and sulfate (see above), is commonly found in freshwater,41 estuaries42 

455 and in the open ocean43. Nevertheless, further studies need to experimentally confirm the 

456 production of sulfate and non-volatile low-molecular-weight compounds from marine DOS 

457 photolysis.

458 The facile conversion of DOS to sulfate and MSA described here puts the DOS cycle into a new 

459 perspective, providing possible answers to the many unresolved questions on its biogeochemistry 

460 and suggesting new research directions (Figure 3). For example, photomineralization can be a 

461 potential explanation for the fast DOS turnover described by Ksionzek et al. in the mixed surface 

462 layer of the ocean.18 In particular, we anticipate that autochthonous DOS released by 

463 phytoplankton at the surface (i.e. glutathione and other peptides) can be converted to sulfate 

464 upon DOM-sensitized photolysis. In addition, photochemistry can play a role in converting 

465 biologically refractory DOS components into bioavailable substrates, similarly to what happens 
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466 for carbon cycling.1,44 Indeed, microorganisms able to use MSA either as a S-source, a C-source 

467 or an energy source have been identified in a variety of environments45,46 and were recently 

468 found to be abundant in surface seawater47. Lastly, we hypothesize that non-DMS sulfur 

469 compounds present in aerosols, such as organosulfates,48 cysteine- and methionine-containing 

470 peptides and proteins,49 might degrade to sulfate via aqueous-phase photochemical reactions 

471 sensitized by organic chromophores, similar to what we report here for bulk solutions. Thus, 

472 atmospheric DOS might be an aqueous-phase precursor of non-sea-salt sulfate, an important 

473 contributor to aerosol formation in remote marine areas.50,51 Photosensitized oxidations can also 

474 represent an additional route to convert other atmospherically relevant inorganic S species, such 

475 as SO2/SO3
2-, to sulfate (Figure S11). This photosensitized process, together with other water-

476 phase reactions involving reactive nitrogen species,52,53 might contribute to the high sulfate 

477 levels observed during severe urban haze events, which cannot be justified by gas phase 

478 reactions only.54 Future work is needed to assess the importance of DOS photodegradation in the 

479 ocean surface and in the atmosphere.

480
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