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ABSTRACT 22 

Sulfamethoxazole (SMX) is a frequently detected antibiotic in groundwater, raising 23 

environmental concerns. Persulfate oxidation is used for micropollutant removal. To investigate 24 

SMX transformation by persulfate, experiments were conducted using heat-activated persulfate 25 

at pH 3, 7, and 10. TP269a (SMX hydroxylamine) and TP178 were identified as the dominant 26 

TPs across pH levels. The exclusive formation of 4-nitroso-SMX, 4-nitro-SMX, and TP518 at 27 

pH 3 highlighted the role of SO₄•– in attacking the NH2. At pH 7 and 10, 3A5MI emerged as 28 

the dominant TP. Carbon isotopic fractionation (εC = −1.3 ± 0.5‰, −1.1 ± 0.4‰, and −1.1 ± 29 

0.3‰ at pH 3, 7 and 10) remained consistent across pH levels, caused by the formation of 30 

TP178 involving C-S bond cleavage. An inverse nitrogen isotope fractionation at pH 3 (εN = 31 

+0.68 ± 0.11‰) was associated with SO₄•–-induced single-electron transfer. Conversely, normal 32 

nitrogen isotope fractionation at pH 10 (εN = −0.27 ± 0.04‰) was associated with N-H bond 33 

cleavage by H abstraction through HO• and N-S bond cleavage. The inverse nitrogen isotope 34 

fractionation at pH 7 indicated that the dominant pathway involved SO₄•– reactions, accounting 35 

for 74%. Overall, the results highlight the potential of CSIA to elucidate SMX persulfate 36 

oxidation pathways. 37 
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Synopsis: This study highlights the potential of compound-specific isotope analysis of 44 

sulfamethoxazole and serves as a refence in characterizing its radical reactions, with 45 

implications for assessing transformation in aquatic ecosystems. 46 



4 

INTRODUCTION 47 

The increasing prevalence of pharmaceutical residues in aquatic systems presents 48 

significant environmental and public health challenges. Sulfamethoxazole (SMX), a widely 49 

used sulfonamide antibiotic, is particularly concerning due to its extensive application in both 50 

human and veterinary medicine.1,2 This widespread use has led to persistence of SMX in various 51 

aquatic ecosystems, primarily through effluent from wastewater treatment plants, agricultural 52 

runoff, and improper disposal of pharmaceutical products. 3,4 The recalcitrant nature of SMX 53 

poses risks, such as the promotion of antibiotic-resistant bacteria and disruption of aquatic 54 

ecosystems,5 which counteracts with the concept of One Health.6 Addressing these risks 55 

requires a comprehensive understanding of SMX environmental behavior and its 56 

transformation mechanisms to develop effective removal strategies. 57 

In recent years, in situ chemical oxidation (ISCO) has emerged as a promising 58 

technology for remediating organic contaminants in environmental systems. Among ISCO 59 

methods, activated persulfate (PS) oxidation has gained considerable attention for its 60 

effectiveness in degrading pollutants in contaminated groundwater and soil.7–9 This process 61 

relies on the formation of highly reactive sulfate radicals (SO4
•–, E₀ = 2.5-3.1 V, depending on 62 

pH) through the activation of sodium persulfate (PS) by heat, transition metals, UV light, or 63 

base.10,11 The generation of reactive species from PS is pH-dependent, as the pH value 64 

influences both the formation of SO4
•– and the speciation of organic compounds with ionizable 65 

functional groups. At basic pH values, SO4
•– can convert into hydroxyl radicals (HO•).12  66 

Traditionally, identifying specific transformation products (TPs) has been fundamental 67 

to elucidating the degradation pathways of organic pollutants. However, TP often fail to 68 

differentiate among radical-induced degradation mechanisms, as similar TPs—such as 69 

hydroxylated SMX derivatives or dimers9,13 —can result from different reactive species, 70 
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including HO• and SO₄•⁻. This limitation poses a challenge in understanding the distinct 71 

degradation pathways and mechanisms driven by these radicals, thereby hindering efforts to 72 

guide remediation strategies and assess environmental risks. Consequently, developing 73 

effective approaches to distinguish among SMX radical reactions has become a pressing 74 

priority. 75 

Advanced analytical techniques, such as gas chromatography-mass spectrometry (GC-76 

MS) and liquid chromatography-mass spectrometry (LC-MS), have been widely used to 77 

investigate the degradation mechanisms of organic pollutants. However, these methods often 78 

depend on the chemical fingerprint of degradation products, which can be ambiguous or 79 

inconclusive due to overlapping reaction mechanisms. This uncertainty complicates result 80 

interpretation and restricts deeper investigations into the environmental behavior of organic 81 

pollutants. 82 

To address these limitations, multi-element compound-specific isotope analysis (ME-83 

CSIA) has emerged as a powerful tool for characterizing and differentiating pollutant 84 

degradation processes. 14–16 ME-CSIA measures the stable isotope ratios of specific elements 85 

within a compound, providing high reliability and accuracy as it remains unaffected by other 86 

reactants, products, or elements. Typically, normal isotope fractionation occurs when lighter 87 

isotopes, such as ¹²C, involved in bond cleavage, react more quickly than their heavier 88 

counterparts, like ¹³C, leading to an increase in ¹³C/¹²C ratios in the remaining parent compound. 89 

Conversely, an inverse isotope effect results in a decrease in the ¹³C/ ¹²C ratios. Single-element 90 

isotope analysis (e.g., ¹³C-CSIA) has been used to characterize the direct photolysis of SMX, 91 

its indirect photolysis mediated by oxidants such as O₃ and ClO₂,17 and its aerobic degradation 92 

by Microbacterium sp. strain BR1,18 as well as anaerobic degradation by Desulfovibrio vulgaris 93 

Hildenborough.19 Recent advancements include the development of ¹⁵N- and ³³/³⁴S-CSIA for 94 

SMX using gas chromatography-isotope ratio mass spectrometer (GC-IRMS) and gas 95 
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chromatography–multi collector–inductively coupled plasma mass spectrometry (GC-MC-96 

ICPMS), respectively.20,21 ME-CSIA has also been successfully applied to characterize and 97 

distinguish the direct photolysis of SMX, demonstrating pH-dependent processes.19 In the 98 

context of PS oxidation of SMX, only carbon and nitrogen isotope analyses were performed. 99 

High sulfur content from PS addition interfered with sulfur isotope measurements by disrupting 100 

the background signal and resolution. Additionally, insufficient SMX concentration, even after 101 

enrichment efforts, prevented hydrogen isotope analysis. Beyond single-element isotopic 102 

fractionation, dual-element isotope analysis has been successfully applied to study the 103 

degradation processes of emerging contaminants, such as diclofenac22 and ibuprofen.23 104 

We hypothesized that the SMX transformation by HO• and SO4
•– induces distinct 105 

reaction mechanisms, leading to specific SMX TPs and unique isotope fractionation patterns. 106 

To test this hypothesis, we established reference radical reaction systems, including heat-107 

activated persulfate, to examine the reactions of HO• and SO4
•– at pH 3, 7 and 10. We 108 

investigated potential degradation pathways and mechanisms, such as single electron transfer, 109 

hydrogen abstraction, and multi-bond cleavages, by integrating data on reaction kinetics, 110 

transformation products (TPs), carbon and nitrogen stable isotope ratios and apparent kinetic 111 

isotope effect (AKIE) values. 112 

METHODS AND MATERIALS  113 

Details of chemicals are listed in Section 1 (S1) of the Supporting Information (SI).  114 

Heat-activated persulfate transformation experiments. Heat-activated persulfate 115 

experiments were conducted with SMX in a 10 mM phosphate buffer at pH 3 and pH 7, and in 116 

a 10 mM carbonate buffer at pH 10. Persulfate oxidation was initiated at an activation 117 

temperature of 40 °C. The initial SMX concentration was approximately 900 μM, with a 25:1 118 

molar ratio of persulfate to SMX. The reaction was carried out in a glass bottle covered with 119 
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aluminum foil, with a starting volume of 200 mL, in an incubator set to 40 °C and shaken at 120 

200 rpm. At various time intervals, 200 μL aliquots were taken for concentration and 121 

transformation product analysis. To quench the reactions, an equal volume (200 μL) of 122 

methanol (MeOH) was immediately added to each sample, which were then stored at 4 ℃ until 123 

analysis. Additionally, aliquots ranging from 5 to 50 mL were collected for CSIA measurement. 124 

Prior to CSIA, all samples were cleaned up using solid-phase extraction (SPE) immediately 125 

after sampling to prevent further reactions. Control experiments were conducted under the same 126 

conditions but without addition of persulfate. 127 

Sample preparation by solid-phase extraction. We used Oasis HLB cartridges (6 mL 128 

cartridges, 200 mg; Waters, Milford, MA, USA) for sample clean-up. The cartridges were 129 

preconditioned with 5 mL of acetonitrile, followed by 5 mL of ethyl acetate, and finally with 5 130 

mL of Milli-Q water. Samples were then percolated through the cartridges drop by drop under 131 

vacuum and subsequently dried under vacuum for 30 minutes. SMX was eluted with 5 mL of 132 

ethyl acetate and 5 mL of acetonitrile. The eluent was dried under a gentle nitrogen stream, 133 

resuspended in 1 mL of acetone, and stored at 4 °C until analysis. The recovery rate was 93 ± 134 

2%, and the stable isotopic compositions of SMX were not significantly altered by the 135 

extraction procedure (Δ < 1‰), as previously reported.19 136 

Analytical Methods. Concentration Analysis. SMX concentrations were monitored 137 

using Ultra-Performance Liquid Chromatography with Diode Array Detection (UPLC-DAD) 138 

system (Thermo Fischer UltiMate 3000 RS Diode Array Detector, Germany),24 as detailed in 139 

S2 (SI).  140 

Transformation Product (TP) Analysis. Transformation products were analyzed using 141 

an Agilent 1260 Infinity II Series liquid chromatography (LC) system coupled to an AB Sciex 142 

QTRAP 6500+ tandem mass spectrometer (MS/MS) equipped with a Turbo V ion source, 143 

following a previously described protocol.19 Electrospray ionization was performed in both 144 
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positive and negative polarity modes. Chromatographic separation was achieved using an 145 

Agilent Zorbax Eclipse Plus Rapid Resolution HT-C18 column (100 mm x 3.0 mm, 1.8 µm) 146 

coupled to a Phenomenex Security guard cartridge system (C18; ODS, Octadecyl) as a guard-147 

column. Other details can be found in S2 (SI).  148 

Carbon and Nitrogen Isotope Analysis. Carbon and nitrogen isotopic compositions 149 

(δ13C and δ15N) were determined using a gas chromatograph−isotope ratio mass spectrometer 150 

(GC-IRMS). The gas chromatograph (Trace 1310, Thermo Fisher Scientific, Germany) was 151 

connected to a MAT 253 IRMS system (Thermo Fisher Scientific, Germany) through a GC-152 

IsoLink and a ConFloIV interface (Thermo Fisher Scientific, Germany). Chromatographic 153 

separation was achieved using a Zebron ZB1 column (60 m × 0.32 mm × 1 μm; Phenomenex, 154 

Germany) with a constant carrier gas flow of 2 mL min-1 was applied for chromatographic 155 

separation. Each sample aliquot (1-5 µL) was injected via an autosampler (TriPlus RSH, 156 

Thermo Fisher Scientific, Germany) in split mode, with a split ratio of 1:3 at 200 °C. The oven 157 

temperature was initially held at 40 °C for 5 min, then increased at 10 °C min-1 to 300 °C, where 158 

it was held for 15 min.  159 

For carbon isotope analysis, SMX was converted to CO2 at 1,000 °C in a combustion 160 

oven (Thermo Fisher Scientific, Germany). For nitrogen isotope analysis, SMX was derivatized 161 

using trimethylsilyldiazomethane (TMSD), methylating the nitrogen atom within the S-N bond. 162 

The nitrogen isotopic composition of the SMX derivative remained constant after derivatization, 163 

showing a systematic offset of 1.5‰ compared to the non-derivatized SMX analyzed via EA-164 

IRMS.19 The SMX derivative was then converted to NOx at 1000 °C in a combustion oven 165 

(Thermo Fisher Scientific, Germany) and further reduced to N2 in a custom-made reduction 166 

oven. This oven comprised a tubular ceramic tube (320 mm length, 0.8 mm inner diameter, 1.6 167 

mm outer diameter; Degussit AL23 aluminum oxide ceramic, Friatec, Germany) filled with 168 

three copper wires (300 mm length, 0.125 mm diameter; Goodfellow, Germany) maintained at 169 
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600 °C. Triplicate measurements demonstrated reproducibility consistently within the total 170 

error for δ13C (0.5‰) and δ15N (0.5‰), encompassing both accuracy and reproducibility. 171 

Data Analysis. First-order kinetic constants (k) were determined by fitting a first-order 172 

kinetic model to the concentration data. The isotopic fractionation of a specific element (εE) 173 

was calculated by the slope of the linear regression through the plot of ln(Ct/C0) versus ln[(δt + 174 

1)/(δ0 + 1)], in accordance with the Rayleigh equation (Eq. 1). Here, δ represents the isotopic 175 

composition of an element, Ct/C0 denotes the residual fraction of the substrate, and t refers to 176 

the sampling time, with 0 indicating the initial time before the reaction begins. The error 177 

associated with εE was reported as 95% confidence interval (CI), determined through regression 178 

curve analysis.  179 

ln �𝛿𝛿𝑡𝑡+1
𝛿𝛿0+1

� = 𝜀𝜀𝐸𝐸 × 𝑙𝑙𝑙𝑙 𝐶𝐶𝑡𝑡
𝐶𝐶0

     (1) 180 

The dual isotope (ΛE1/E2) values for element 1 (E1) and 2 (E2) were calculated from the 181 

slope of the fitted line obtained by plotting ΔE1 values against ΔE2 values.15 Here, Δ represents 182 

the change in isotopic composition between the samples and their initial values. The 95% 183 

confidence level of the slope was also determined. 184 

An extended Rayleigh-type equation (Eq. 2) was derived to quantify the contribution of 185 

two simultaneous transformation processes that affect the same substrate via distinct 186 

mechanisms.25 In this equation, F (%) represents the contribution of the first process to the 187 

overall reaction, considering two competing degradation pathways. The terms εA, ε1 and ε2 188 

correspond to the kinetic isotopic fractionation of the overall reaction (A), and the individual 189 

process 1 and 2, respectively. The 95% confidence interval for F was calculated using error 190 

propagation. 191 

F = 𝜀𝜀𝐴𝐴−𝜀𝜀2
𝜀𝜀1−𝜀𝜀2

    (2) 192 
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The dual isotope slope (Λ) values were determined using ordinary linear regression. The 193 

symbol Δ represents the deviation of isotopic composition from the initial values of the samples. 194 

For example, ΛN/C values were calculated as the slope of the fitted line obtained by plotting Δ¹⁵N 195 

values against Δ¹³C values. Furthermore, the 95% confidence interval for the slope was 196 

calculated to determine the uncertainty associated with Λ values  197 

According to Elsner et al.,26 Eq. 3 was applied to calculate the apparent kinetic isotope 198 

effect (AKIE) for SMX. 199 

AKIE= 1
1+𝑧𝑧×ε 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏× 𝑛𝑛𝑥𝑥/1000

     (3)  200 

where n is the number of atoms of the element, x the number of atoms at reactive sites, and z 201 

the number of indistinguishable reactive positions for intramolecular competition. 202 

RESULTS AND DISCUSSION 203 

SMX Transformation Kinetics. The transformation kinetics of SMX in persulfate (PS) 204 

systems varied across different pH levels, with the highest rate at pH 7. The transformation rate 205 

of SMX in PS systems is primarily affected by two pH-dependent factors: (i) the speciation of 206 

SMX and (ii) the formation of dominant radicals with varying reactivity. Within the studied pH 207 

range, SMX (pKa1=1.6 ± 0.2 and pKa2=5.7 ± 0.2)27 exists in neutral forms at pH 3 and as an 208 

anion at pH 7 and pH 10 (Figure S1, SI). A radical scavenger experiment was conducted using 209 

ethanol (EtOH) and tert-butanol (TBA) to identify the predominant reactive radicals at different 210 

pH levels. EtOH effectively quenched both SO₄•⁻ and HO•, with second-order rate constants 211 

ranging from 1.2 – 2.8 × 10⁹ M⁻¹ s⁻¹ for the EtOH/ HO• system and 1.6 – 7.7 × 10⁷ M⁻¹ s⁻¹ for 212 

the EtOH/SO₄•⁻ system.9 In contrast, TBA is widely recognized as a selective scavenger for 213 

HO• due to its low reactivity with SO₄•⁻ (k = 4 – 9.1 × 10⁵ M⁻¹ s⁻¹) compared to its high reactivity 214 

with HO• (k = 3.8 – 7.6 × 10⁸ M⁻¹ s⁻¹).9 As shown in Figure S2, the addition of EtOH and TBA 215 
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inhibited SMX transformation, with the extent of inhibition varying across pH levels. At pH 3, 216 

the degradation rate was significantly slower in the presence of EtOH (kinetic value: –0.0129 217 

± 0.0041) compared to TBA (kinetic value: –0.0653 ± 0.0026), suggesting that SO4•– is the 218 

predominant radical under acidic conditions. At pH 7, kinetics for EtOH (–0.1130 ± 0.0051) 219 

and TBA (–0.1501 ± 0.0063) indicated that both SO4•– and HO• coexisted and contributed to 220 

the SMX degradation. Under alkaline conditions (pH 10), the reaction rates for EtOH (–0.1690 221 

± 0.0129) and TBA (–0.1721 ± 0.0036) were similar, indicating that HO• was the dominant 222 

radical species. The findings are consistent with previous studies. 7,9,12,28,29  223 

Phosphate and carbonate buffers (10 mM) were used to stabilize pH levels. However, 224 

reactions between SO₄•⁻ and HO• with buffer ions can generate secondary radicals, such as 225 

HPO₄•⁻, H₂PO₄•⁻, CO₃•⁻, and HCO₃•⁻, potentially influencing SMX transformation. According 226 

to the literature,30–33 the reaction rate constants of SO4
•– and HO• with the buffer ions were at 227 

least three magnitudes lower compared to their rate constants with SMX, except for the reaction 228 

between HO• and CO3
•–, which was only one order of magnitude lower (Table S1, SI). 229 

Additionally, the buffer concentration used in this study (10 mM) was significantly lower than 230 

in other studies.13,34 Consequently, no phosphorus and carbonate-related TPs were detected (see 231 

section on TPs below). Thus, the contribution of secondary radicals during PS transformation 232 

was considered negligible and was not included in estimating the contributions of SO4
•– and 233 

HO• to SMX transformation.  234 

Interestingly, OH• exhibited similar reactivity with both the neutral and anionic form of 235 

SMX, whereas SO4
•– showed higher reactivity with the SMX anion compared to the neutral 236 

form. This increased reactivity is attributed to the enhanced electron-donating effect of SMX 237 

through sulfonamide nitrogen deprotonation, which favors an electrophilic attack by SO4
•–.13 238 

The second-order rate constants for the reaction of SMX with SO4
•– were approximately (9.6 ± 239 

1.5) × 108 M-1s-1 at pH 3 and (1.34 ± 0.02) × 1010 M-1s-1 at pH 7.13 In comparison, the second-240 
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order rate constants for the reaction of SMX with HO• were (7.6 ± 0.9) × 109 M-1s-1 across all 241 

pH values.13  242 

The significantly higher kinetic values at pH 7 than at pH 3 suggest that the SMX anion 243 

is more reactive with SO4•– than the neutral form, consistent with previous studies.9,12,13 The 244 

slightly higher transformation rate of SMX at pH 7 than at pH 10 was attributed to the 245 

predominance of SO4
•– at pH 7, whereas HO• radicals dominate at pH 10. 246 

Identification of SMX Transformation Products. TPs of SMX in persulfate 247 

transformation were identified based on their m/z ratios in neutral mass and are listed in Tables 248 

S2-S4 (SI). TP98 (3-amino-5-methyl isoxazole, 3A5MI) was confirmed using an authentic 249 

standard. However, analytical standards for most TPs are not commercially available. To enable 250 

comparison of TPs across pH values, the corresponding peak areas were presented as peak area 251 

ratios (PAR), defined as the ratio of each TP's peak area to the initial SMX peak area before 252 

irradiation. Peak normalization was used to track changes in other TPs during transformation. 253 

This was done by calculating the ratio of each TP's peak area at a specific time point to its 254 

maximum peak area observed across all time points, as shown in Figures S3–S5. All TPs 255 

identified at pH 3, pH 7, and pH 10 are presented in Schemes 1, 2, and 3, respectively.  256 

pH3. At pH 3, the aniline moiety of SMX was the preferred reactive site for SO4
•– due 257 

to its high electrophilicity. The interaction between SO4
•– and the aniline moiety produced a 258 

radical cation (SMX+) through a single-electron transfer mechanism.31,35,36 This SMX+ is 259 

unstable and undergoes hydrolysis, yielding OH-SMX. Given the electron-donating effect of 260 

the NH₂ group and the electron-withdrawing effect of the SO₂-NH group, mono-hydroxylation 261 

of SMX likely occurred at the ortho position, forming TP269b, consistent with previous 262 

studies.9 263 
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Alternatively, SMX+ can undergo deprotonation to generate an anilinyl radical, which 264 

is further oxidized by SO4
•– to form hydroxylamine (TP269a). TP269a then further oxidized to 265 

4-nitroso-SMX (TP267) and subsequently 4-nitro-SMX (TP283).9,12 Further hydroxylation of 266 

nitroso- and nitro-SMX by SO4
•– can produce TP299a and TP299b. Concurrently, coupling of 267 

the N-centered radical can generate TP502,9,13 undergoing further oxidation to generate TP518 268 

(Scheme S1). TP267, TP283, and TP518 are detected only at pH 3, indicating efficient SO4
•– 269 

attack on the NH₂ group and subsequent oxidation of TP502. 270 

TP98 (3A5MI) and TP178 are formed by the cleavage of S-N and S-C bonds in SMX 271 

by SO4
•–, which is commonly observed in SMX oxidation by advanced oxidation processes.37,38 272 

Additionally, TP239 results from the deamination of SMX, TP270 is likely produced through 273 

NH2 substitution of TP269a by OH, and TP112 is formed by further oxidation of 3A5MI. These 274 

TPs were reported previously during SMX oxidation via radical reactions.17,39,40 Notably, high-275 

molecular mass TPs (>300), such as TP365 and TP379, were first observed during SMX 276 

oxidation by PS. N-centered radicals from hydroxylated SMX (TP269a) and 3A5MI likely 277 

responsible for the formation of TP365 and TP379b. The detection of these TPs during PS 278 

oxidation may be related to the high SMX concentrations used in this study, enabling the 279 

detection of minor TPs. Based on the PAR value, dominant TPs include TP178 and TP269a as 280 

primary TPs, with TP267, TP283, TP379b, and TP518 as secondary TPs (Figure 1).  281 

For TP269, two isomers were identified with characteristic fragments at 108, 124, and 282 

172, suggesting hydroxylation on the aniline moiety, either the aromatic ring or the amino group. 283 

However, distinguishing whether oxygen was added to the aromatic ring or if a hydroxylamine 284 

was formed is challenging based on these fragments alone. Since the NH2 group is the preferred 285 

reactive site for SO4
•–, it is reasonable to hypothesize that the dominant TP269a is 286 

hydroxylamine, while TP269b likely results from hydroxylation of the aromatic ring. The 287 
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variation in nitrogen isotope patterns at different pH values, particularly the inverse nitrogen 288 

isotope fractionation at pH 7, further supports this hypothesis (see detailed discussion below).  289 

pH10. At pH 10, HO• is the predominant radical species, leading to a different pattern 290 

of TPs than at pH 3. The primary dominant TPs at pH 10 were 3A5MI, TP178 and TP269a 291 

(Figure 1). When HO• reacts with aniline, hydrogen abstraction is the preferred pathway, 292 

contrasting with the single-electron transfer mechanism induced by SO4
•–. HO• is expected to 293 

attack aniline at various positions. Previous studies have shown that the hydrolysis of aniline 294 

radicals formed by HO• attack through hydrogen abstraction produces hydroxylated radical 295 

products, which further react with O₂ to form hydroxylated anilines.41  This explains the 296 

formation of TP269a and TP269b through reaction at the NH2 and ortho-position of aniline 297 

(Scheme S2). Previous study 17 found that the hydroxylamine was dominantly formed during 298 

SMX transformation by HO• from ozone and chlorine dioxide which is consistent with our 299 

study. TP502 is formed through the coupling of aniline radicals derived from the NH₂ group by 300 

H abstraction (Scheme S2), as shown in previous studies of SMX transformation in UV/H2O2 301 

system.13  302 

The different patterns of TPs between reactions of SMX with HO• and SO4
•– were 303 

mainly attributed to the reactivity of these radicals to specific groups of SMX. For instance, 304 

SO4
•– more efficiently attacked the NH₂ group, favoring the formation of nitrogen-oxidized 305 

products. This idea is supported by the formation of TP267 and TP283 at pH3, while these TPs 306 

were not detected at pH 10. 3A5MI and TP178 were formed by the bond cleavage similar to 307 

that observed at pH 3. Several minor TPs, including TP112, TP239 and TP379, were also 308 

observed, as seen at pH 3. TP347 can be explained as the coupling of N-centered radicals at the 309 

amino group of 3A5MI and SMX, a phenomenon first observed during PS oxidation and in 310 

cobalt/peracetic acid transformation of SMX.42  311 
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pH7. At pH 7, both HO• and SO4•– radicals contributed to the reactions. The primary 312 

dominant TPs were 3A5MI, TP178 and TP269a (Figure 1). Other minor TPs were similar to 313 

those discussed previously. Although the TP pattern at pH 7 more closely resembled to that at 314 

pH 10, identifying the dominant underlying transformation mechanism at pH 7 was not possible, 315 

as most TPs were similar across all pH values. 316 

Overall, distinguishing the underlying processes of HO• and SO4•– radical reactions 317 

solely based on TP formation is challenging. This complexity motivated us to conduct CSIA to 318 

examine whether stable isotope fractionation can differentiate radical reactions, even when 319 

similar TPs are present. Additionally, we aimed to determine whether the isotope signature of 320 

SMX radical reactions can be differentiated from other processes, such as phototransformation 321 

and microbial transformation. 322 

Stable Isotope Fractionation of SMX. The heat-activated PS transformation of SMX 323 

involves multi-element reactions. Integrating multi-element stable isotope fractionation data 324 

can characterize transformation mechanisms and reveal distinct isotope patterns in SMX 325 

transformation. In all control experiments without PS, SMX concentrations and isotopic 326 

composition remained unchanged, confirming that SMX was only transformed with PS (Table 327 

S5 and Figure S6, SI). 328 

Carbon isotope fractionation. During SMX transformation in PS systems, normal and 329 

consistent carbon isotope fractionation values were observed across pH values. Differences in 330 

carbon isotopic compositions (Δδ¹³C) of SMX between samples and initial values were 2.2‰ 331 

at pH 3 for 76% transformation, 2.3‰ at pH 7 for 88% transformation, and 1.9‰ at pH 10 for 332 

83% transformation, respectively (Figure 2). This suggests that carbon bond cleavage was 333 

involved in the first irreversible rate-limiting step of SMX transformation. The Rayleigh plots 334 

with regressions were shown in Figure S7 and carbon isotopic fractionation (εC) showed no 335 

significant differences across pH values (−1.3 ± 0.5‰ at pH 3, −1.1 ± 0.4‰ at pH 7, and −1.1 336 



16 

± 0.3‰ at pH 10; Table 1), indicating a similar transformation mechanism involving carbon 337 

bond cleavage mediated by SO4
•– and HO•.  338 

Based on the TP patterns, carbon isotopic fractionation was mainly attributed to a kinetic 339 

isotope effect involving C-S bond cleavage, resulting in the formation of TP178, which 340 

dominated across pH values. This explains the consistent εC values across pH values. Since the 341 

reaction systems involves multi bond cleavages, the nitrogen isotope fractionation was also 342 

caused by a primary isotope effect. The εC values for SMX direct phototransformation (−2.0 ± 343 

0.2‰ at pH 7 and −2.8 ± 0.4‰ at pH 3),20 aerobic (−0.6 ± 0.1‰),18 and anaerobic 344 

biotransformation (−5.7 ± 0.8‰)19 differed significantly from those observed in this study 345 

(Table 1). This suggests distinct mechanism of SMX transformation involving carbon bond 346 

cleavage in the rate-limiting step. Based on the formation of TPs, SMX primarily undergoes C-347 

S bond cleavage when exposed to heat-activated PS. In contrast, carbon isotope fractionation 348 

during direct phototransformation of SMX at pH 7 resulted from multiple carbon bond 349 

cleavages, whereas at pH 3, it was caused by isomerization involving a C=C bond cleavage.20 350 

However, in the aerobic biotransformation of SMX by Microbacterium sp. strain BR1, the ipso-351 

hydroxylation acts as the rate-limiting step, leading to less pronounced carbon isotope 352 

fractionation,18 while in the anaerobic biotransformation by Desulfovibrio vulgaris, 353 

isomerization involving a C=C bond cleavage is the key step,19 creating stronger carbon isotope 354 

fractionation than those observed in our study. In contrast, εC values for O3 and ClO2 oxidation 355 

were similar to those in the current study. This similarity can be attributed to carbon isotope 356 

fractionation occurring through the attack on aromatic carbon bonds, leading to the formation 357 

of TP178, as observed in the heat-activated PS systems.17 358 

The ¹³C-AKIE values resulting from the C –S bond cleavage were consistent across pH 359 

values, ranging from 1.011 ± 0.004 to 1.013 ± 0.005. These values fall within the typical range 360 

for an SN1 reaction (1.01-1.03), 26 suggesting that the C –S bond cleavage may proceed via an 361 
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SN1 reaction. However, specific ¹³C-AKIE values for SN1 reactions involving C –S bonds are 362 

not available for direct comparison.  363 

Nitrogen isotope fractionation. An inverse nitrogen isotope fractionation was observed 364 

during SMX transformation by PS at pH 3 and pH 7 (εN = +0.7 ± 0.1‰ at pH 3 and +0.4 ± 0.2‰ 365 

at pH 7) (Figure 2). The absence of significant difference in εN between these pH values 366 

suggests that a similar nitrogen bond cleavage dominated SMX transformation at both pH 367 

values. In contrast, normal nitrogen isotope fractionation was observed at pH 10 (εN = −0.3 ± 368 

0.04‰), indicating a different transformation mechanism compared to the other pH values. 369 

Inverse nitrogen isotope fractionation has been reported in various transformation 370 

processes of nitrogen-containing pollutants, such as the direct phototransfromation of atrazine43, 371 

diclofenac22 and chloroanilines,44,45 as well as SMX20 and oxidation of substituted anilines.46 372 

The inverse nitrogen isotope fractionation observed during SMX transformation by PS at pH 3 373 

could primarily be attributed to the single-electron transfer mechanism induced by SO4
•–, as 374 

supported by the formation of TP269a, TP267, TP283, TP502, and TP518. We hypothesize that 375 

this process involves the formation of a N-centered radical intermediate, which delocalizes over 376 

the aromatic ring, forming partial imine-type bonding of nitrogen in subsequent intermediates.46 377 

Consequently, the C-N bond becomes less prone to a cleavage in the transition state. This is 378 

further supported by the higher infrared stretching frequencies of C=N compared to C-N bonds, 379 

indicating stronger nitrogen bonds in imines.46 Similarly, inverse nitrogen isotope fractionation 380 

was reported in single-electron transfer mechanisms during oxidation of substituted anilines by 381 

MnO2.46  382 

In contrast, the normal nitrogen isotope fractionation during SMX transformation 383 

induced by HO• at pH 10 was primarily due to hydrogen abstraction from the amino group, 384 
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forming an aminyl radical, which leads to N-H bond cleavage forming TP269a and N-S bond 385 

cleavage resulting in the formation of 3A5MI (Scheme S2). 386 

A lower inverse nitrogen isotope fractionation was observed at pH 7 compared to pH 3. 387 

The nitrogen isotope fractionation at pH 7 was primarily driven by the formation of 3A5MI and 388 

TP269a. 3A5MI is formed by N-S bond cleavage, which induces normal nitrogen isotope 389 

fractionation. However, TP269a may be formed through two mechanisms: single electron 390 

transfer or hydrogen abstraction, leading to divergent nitrogen isotope fractionation patterns. 391 

Therefore, the inverse nitrogen isotope fractionation observed at pH 7 likely resulted from a 392 

combined effect of reactions involving SO4
•– and HO•. This observation also suggests that SMX 393 

hydroxylamine was likely the dominant TP269 species. If dominant hydroxylation had occurred 394 

on the aromatic rings, it would have resulted in normal carbon isotope fractionation at pH 7, 395 

and the nitrogen isotope fractionation at pH 7 would have been solely due to 3A5MI, typically 396 

leading to normal nitrogen isotope fractionation. 397 

Additionally, the protonation/deprotonation equilibrium of SMX at pH 7 and pH 10 398 

could influence the isotopic composition of the nitrogen atom linked to the hydrogen, 399 

potentially altering its electronic structure. Assuming that only the neutral form of SMX is 400 

reactive, nitrogen isotope fractionation at these pH values may result from protonation of the 401 

SMX anion to the neutral form, followed by subsequent radical reactions. The distinct nitrogen 402 

isotope fractionation —inverse at pH 7 and normal at pH 10 — suggests that protonation of the 403 

SMX anion is not the primary factor driving the observed isotope fractionation. Instead, radical 404 

reactions are the main factor affecting nitrogen isotope fractionation. Therefore, εN values can 405 

be used to estimate the contribution of SO4•– and HO• related reactions to the overall 406 

transformation reaction.  407 
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The Rayleigh equation modified by Van Breukelen (2007) 25 was used to estimate the 408 

contribution of two co-occuring pathways to the overall SMX transformation (see S11 in the 409 

SI). At pH 7, analysis of the εN values indicated that 74 ± 16% of the SMX transformation was 410 

attributed to SO4
•–, while 26 ± 16% was attributed to HO• (see S9, SI). This indicates that SMX 411 

is preferentially transformed through reaction with SO4
•– in the PS system at pH7, providing 412 

additional insights beyond TP patterns alone. 413 

Currently, nitrogen isotopic fractionation during SMX transformation has only been 414 

reported for direct phototransformation (εN = +3.6 ± 0.1‰ at pH 3 and +3.0 ± 0.2‰ at pH 7)20 415 

with εN values significantly different from those reported in this study. Our results indicate that 416 

despite the formation of similar TPs, such as hydroxylated TPs which were observed across all 417 

experiments as well as in direct phototransformation experiments, nitrogen isotopic 418 

fractionation facilitates differentiation among distinct reaction mechanisms. Specifically, 419 

inverse nitrogen isotopic fractionation induced by single-electron transfer mechanisms via 420 

radical reactions can be distinguished from that induced by singlet and triplet photoreactions. 421 

Conversely, normal nitrogen isotopic fractionation caused by H abstraction or N-S bond 422 

cleavage by HO• could also be distinguished. 423 

Nitrogen isotope fractionation at pH 7 and pH 10 was affected by multiple mechanisms 424 

and bond cleavages, making it challenging to directly calculate 15N-AKIE values for these 425 

conditions. At pH 3, the ¹⁵N-AKIE values (0.998 ± 0.001) falls within the range observed for 426 

the oxidation of 3-chloroaniline (¹⁵N-AKIE = 0.9985 ± 0.0002),46 which was also induced by a 427 

single-electron transfer. This finding further supports the hypothesis that nitrogen isotope 428 

fractionation at pH 3 is driven by single-electron transfer. 429 

Dual element isotope analysis. In this study, nitrogen isotope fractionation at pH 7 and 430 

pH 10 was affected by various mechanisms and bond cleavages, which limits the use of ME-431 

CSIA. Therefore, caution is necessary when using the dual-element isotope approach to identify 432 
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transformation mechanisms in systems where multiple bond cleavages occur.20 The ΛN/C values 433 

at pH 7 and pH 3 are similar, indicating that the primary transformation mechanism of SMX 434 

was consistent at these pH values. In contrast, a distinct ΛN/C value was observed at pH 10, 435 

suggesting a different degradation pathway under alkaline conditions. These findings align with 436 

the conclusions drawn from single-element isotope analysis. Additionally, dual-element isotope 437 

analysis demonstrated greater effectiveness than single-element CSIA in identifying and 438 

distinguishing transformation mechanisms, particularly in field studies. The ΛN/C values 439 

observed in direct phototransformation differ significantly from those observed during PS 440 

oxidation, further confirming the involvement of distinct transformation processes. 441 

ENVIRONMENTAL IMPLICATIONS 442 

In this study, we examined the potential and added value of multi-element compound-443 

specific isotope analysis as a complementarily tool to TP analysis for monitoring the radical 444 

oxidation of the widely used antibiotic SMX. Additionally, we aimed to differentiate radical 445 

oxidation from other transformation processes in the environment. Our findings highlight 446 

distinct isotope patterns associated with SMX radical oxidation, induced by different radical 447 

reactions. Specifically, the stable isotope pattern of normal carbon and nitrogen isotope 448 

fractionation induced by HO•, as well as normal carbon and inverse nitrogen fractionation 449 

induced by SO₄•⁻, can be used to differentiate these radical reactions from other transformation 450 

processes occurring under natural conditions, such as direct phototransformation and 451 

biotransformation. 452 

Radical oxidation processes are extensively used in wastewater treatment plants to 453 

improve the quality of receiving waters. Understanding the degradation of SMX by different 454 

radicals across varying pH values is critical for optimizing PS oxidation processes to maximize 455 

contaminant removal. Moreover, elucidating degradation pathways and identifying 456 
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intermediate products are essential to minimize the formation of potentially harmful or 457 

persistent by-products. 458 

The isotope signatures derived from the current mechanistic studies provide valuable 459 

insights into predicting SMX behavior and degradation efficiency in both natural and 460 

engineered aquatic systems. Additionally, the application of ME-CSIA is a powerful tool for 461 

tracing SMX degradation mechanisms, confirming radical involvement, and quantifying the 462 

extent of SMX degradation in complex environmental systems. 463 
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 664 

Figure 1. Formation patterns of the TPs during SMX phototransformation at pH 3, 7 and 10. 665 

TPs are represented as peak area ratios (PAR), defined as the ratio of the transformation product 666 

peak area to the peak area of initial SMX at each pH level. The results are based on the 667 

maximum PAR during the reaction.668 
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 669 

Figure 2. Carbon and nitrogen isotope fractionation during PS transformation of SMX at pH 3, 670 

7 and 10. The error bars represent the standard error of triplicate measurements.671 
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 672 

Scheme 1. Proposed transformation pathways of SMX by PS at pH 3. The dominant and minor 673 

TPs are classified based on the PAR values. Primary TPs are defined as those that originate 674 

directly from the parent compound (SMX), while secondary TPs are those derived from primary 675 

TPs. The TPs underlined in the schemes indicate those with a mass greater than that of SMX, 676 

which is 253. 677 
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 678 

Scheme 2. Proposed transformation pathways of SMX by PS at pH 10. The dominant and minor 679 

TPs are classified based on the PAR values. Primary TPs are defined as those that originate 680 

directly from the parent compound (SMX), while secondary TPs are those derived from primary 681 

TPs. The TPs underlined in the schemes indicate those with a mass greater than that of SMX, 682 

which is 253. 683 

 684 
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 686 

Scheme 3. Proposed transformation pathways of SMX by PS at pH 7. The dominant and minor 687 

TPs are classified based on the PAR values. Primary TPs are defined as those that originate 688 

directly from the parent compound (SMX), while secondary TPs are those derived from primary 689 

TPs. The TPs underlined in the schemes indicate those with a mass greater than that of SMX, 690 

which is 253. 691 
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Table 1. Kinetics, carbon and nitrogen isotopic fractionation (εC and εN), apparent 13C and 15N-Kinetic Isotope Effects (13C-AKIE and 15N-AKIE), 

and dual element isotope values (ΛN/C) with 95% confidential interval associated with SMX heat-activated PS transformation. Available εC, εN and 

13C-AKIE values with 95% confidential interval of SMX in phototransformation, biotransformation and other radical oxidation from literature. 

Reactions  pH Kinetics (h-1) εC (‰) εN (‰) 13C-AKIE 15N-AKIE ΛN/C  

Heat-activated PS 

Single electron transfer + 

bond cleavage 
3 0.1786±0.0218 −1.3±0.5 +0.68±0.11 1.013±0.005 0.998±0.001 −0.5±0.2 

this study 
Single electron transfer + H 

abstraction + bond cleavage 
7 0.4775±0.0480 −1.1±0.4 +0.44±0.18 1.011±0.004 n.d. −0.4±0.2 

H abstraction + bond 

cleavage 
10 0.4001±0.0605 −1.1±0.3 −0.27±0.04 1.011±0.004 n.d. +0.2±0.1 

Direct phototransformation Multi-bond cleavages 

3  −2.8±0.4 +3.6±0.1 1.014±0.002  −1.3 ± 0.2 
Liu et al., 

202420 

7  −2.0±0.2 +3.0±0.2   −1.5 ± 0.2 
Liu et al., 

202420 

Aerobic biotransformation 

(Microbacterium sp. strain 

BR1) 

Ipsohydroxylation   −0.6±0.1  1.006±0.001   
Birkigt et 

al., 200518 
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Anaerobic 

biotransformation 

(Desulfovibrio vulgaris 

Hildenborough,) 

Reductive N-O bond 

cleavage 
  −5.8±0.7  1.029±0.003   

Ouyang et 

al., 202319 

O3 Oxidation 

Hydroxylation 

3  −1.2±0.1     
Willach et 

al., 201717 

ClO2 Oxidation 3  −0.8±0.1     
Willach et 

al., 201717 

ClO2 Oxidation 8  −1.3±0.1     
Willach et 

al., 201717 

n.d. represents not determined.  


