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Abstract 21 

Tributyl phosphate (TBP) belongs to the group of trialkyl substituted organophosphate 22 

esters. Its chemical reactivity depends on the stability of various chemical bonds. TBP was 23 

used as a model compound for the development of a concept using stable isotope 24 

fractionation associated with bond cleavage reactions for better understanding the fate of 25 

TBP in the environment. Carbon isotope enrichment factors (εC) of TBP hydrolysis were 26 

found to be pH dependent (-3.8 ± 0.3‰ at pH 2, -4.6 ± 0.5‰ at pH 7, -2.8 ± 0.1‰ at pH 9, 27 

no isotope fractionation at pH 12), which is in accordance with the mode of a SN2 28 

hydrolytic bond cleavage. Hydrogen isotope fractionation was negligible as no H bond 29 

cleavage is involved during hydrolysis. The apparent carbon kinetic isotope effect (AKIEC) 30 

ranged from 1.045 to 1.058. In contrast to hydrolysis, both carbon and hydrogen isotope 31 

fractionation were observed during radical oxidation of TBP by 
•
OH and SO4

•–
, yielding εC 32 

from -0.9 ± 0.1‰ to -0.5 ± 0.1‰ and εH from -20 ± 2‰ to -11 ± 1‰. AKIEC and AKIEH 33 

varied from 1.007 to 1.011 and from 1.594 to 2.174, respectively. The correlation of 
2
H and 34 

13
C fractionation revealed Λ values ranging from 17 ± 1 to 25 ± 6. Results demonstrated 35 

that the correlation of 
2
H and 

13
C isotope fractionation of TBP allowed to identify radical 36 

reactions and to distinguish them from hydrolysis. The presented dual isotope analysis 37 

approach has diagnostic value for characterizing the chemical transformation of TBP in the 38 

environment.  39 

Keywords 40 

Tributyl phosphate, isotope fractionation, hydrolysis, radical oxidation, AKIE  41 
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1. Introduction 42 

Tributyl phosphate (TBP) is an organophosphorus compound widely used as flame 43 

retardant, plasticiser, anti-foamer, component of herbicides and hydraulic fluids (Regnery 44 

et al., 2011). In addition, it was extensively used as a solvent for plutonium uranium redox 45 

extraction (PUREX) for nuclear fuel reprocessing (Mincher et al., 2008). The production of 46 

commercially used TBP is about 3000-5000 tons/year in Europe (Nancharaiah et al., 2015). 47 

Due to its extensive use, TBP is frequently detected in the aquatic environment of many 48 

countries, including Germany (Fries and Püttmann, 2003; Regnery and Puttmann, 2010), 49 

Austria (Martinez-Carballo et al., 2007), Italy (Bacaloni et al., 2008), Spain (Rodil et al., 50 

2012), Korea (Lee et al., 2016), and China (He et al., 2014; Shi et al., 2016). 51 

TBP can inhibit the enzyme acetylcholine esterase (AChE), resulting in cholinergic toxicity 52 

of the autonomic system and can thus lead to respiratory paralysis and even death (Bergman 53 

et al., 2012; Greget et al., 2016). Given these adverse effects, TBP has been an environmental 54 

concern for decades, especially in aquatic systems. The main degradation pathways are 55 

hydrolysis, indirect photo-oxidation or microbial degradation (Berne et al., 2005; Watts and 56 

Linden, 2009; Nancharaiah et al., 2015; Su et al., 2016). These are probably the key 57 

processes how TBP is degraded or attenuated in the environment. Direct chemical oxidation 58 

is effective for the removal of organic contaminants in waste water. In particular, chemicals, 59 

such as hydrogen peroxide, persulfate, permanganate and ozone, have been applied for in situ 60 

chemical oxidation (ISCO) for the treatment of subsurface TBP or similar contamination 61 

(Watts and Teel, 2006). Hydroxyl radicals (
•
OH) are an effective oxidant with redox potential 62 
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of 1.7–2.8 V and are frequently used for wastewater remediation (Waclawek et al., 2017). 63 

Similar to 
•
OH, the sulfate radical (SO4

•–
) with a redox potential of 2.5–3.1 V is efficient for 64 

the oxidation of many organic compounds (Neta et al., 1988). SO4
•–

 can be generated for 65 

example from peroxydisulfate (S2O8
2–

, PS) or peroxymonosulfate (HS2O5
–
) salts by the 66 

activation of the persulfate anion (S2O8
2–

, E0 = 2.01 V) using light (Herrmann, 2007; Yang et 67 

al., 2017) or heat (House, 1962; Liang and Su, 2009). Over the past ten years, considerable 68 

attention has been paid to potassium peroxydisulfate (KPS) because of its lower cost 69 

compared to H2O2 or O3 and the high efficiency for organic mineralization (Lau et al., 2007; 70 

Waclawek et al., 2017). 71 

Conventionally, degradation pathways are chemically analysed by measuring the 72 

concentrations decrease of reactants and the appearance of degradation products for the 73 

identification of reaction products. However, this approach often has large uncertainties 74 

because of the influence of physical processes (such as dilution, volatility and sorption), the 75 

challenges of detecting unknown products and the difficulties to establish mass balances. As 76 

an alternative technology, compound specific isotope analysis (CSIA) making use of isotope 77 

fractionation processes of degradation reactions can be used for the qualitative 78 

characterisation and quantitative estimation of processes involved in organic compound 79 

degradation in the environment. This technique is becoming a routine and practical approach 80 

in biogeochemistry and environmental science (Elsner, 2010; Thullner et al., 2012; Nijenhuis 81 

and Richnow, 2016; Vogt et al., 2016).  82 

For better understanding of the transformation mechanisms, the kinetic isotope effect (KIE) 83 

based on chemical bond change reactions can be analyzed. The KIE characterizes the rate 84 
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limitation of a bond change reaction posed by isotopologues. The rate limitation is equivalent 85 

to the stability of heavy and light isotope substituted bonds and characterizes the transition 86 

state of a chemical reaction (Northrop, 1981; Wolfsberg et al., 2009). The apparent kinetic 87 

isotope effect (AKIE) can be calculated to normalize the isotope enrichment factor () for 88 

non-reacting positions and intermolecular competition to compensate for “dilution” of the 89 

isotope composition in reacting isotopologues. The AKIE can be used to compare the kinetic 90 

isotope effect of bond cleavage reactions of different molecules. Multi-element isotope 91 

fractionation analysis correlating the isotope fractionation of two (or more) elements can be 92 

used to evaluate the degradation pathways (Gray et al., 2002; Elsner et al., 2005). Previous 93 

studies demonstrated the potential use of stable isotope fractionation for characterizing the 94 

transformation mechanisms of organophosphorus compounds, such as dichlorvos, dimethoate, 95 

methyl parathion, parathion and tris(2-chloroethyl) phosphate (Wu et al., 2014; Wu et al., 96 

2017; Wu et al., 2018a). 97 

In the present study, we systematically examined the carbon and hydrogen isotope 98 

fractionation upon hydrolysis of TBP under acidic, neutral and alkaline conditions to 99 

characterize the reaction pathways. The isotope fractionation patterns of TBP by radical 100 

oxidation (SO4
•–

 and 
•
OH) were also examined. The objectives of this study were to (1) 101 

investigate the kinetic reaction rate constant kobs of hydrolysis and radical oxidation; (2) 102 

characterize the stable carbon and hydrogen isotope fractionation of TBP during hydrolysis 103 

and radical oxidation; (3) distinguish different mechanisms by using the AKIE values and 104 

correlating 
2
H and 

13
C isotope fractionation to obtain  values, which may be used 105 

diagnostically for tracing TBP degradation in the field. 106 



6 

 

2. Materials and methods 107 

A detailed description of the analytical methods is provided in the Supplementary 108 

Information (SI). 109 

2.1 Chemicals 110 

All chemicals were of analytical grade quality and used without further purification. 111 

Tributyl phosphate (TBP, 99% purity) and dibutyl phthalate (DBP, >99% purity) were 112 

purchased from Xiya Company (China). Dichloromethane (DCM) was supplied by Carl 113 

Roth GmbH + Co. KG (Karlsruhe, Germany). Potassium peroxydisulfate (K2S2O8), 114 

hydrogen peroxide (30% H2O2), di-potassium hydrogen phosphate (K2HPO4), potassium 115 

dihydrogen phosphate (KH2PO4), sodium hydrogen carbonate (NaHCO3), sodium hydrate 116 

(NaOH), and disodium hydrogen phosphate (Na2HPO4) were supplied by Merck 117 

(Guaranteed reagent quality, Darmstadt, Germany). Solutions and pH buffers were 118 

prepared in ultrapure water obtained by a Milli-Q System (Millipore GmbH, Germany). 119 

2.2 Hydrolysis and radical oxidation experiments 120 

The following buffer solutions were used to obtain hydrolysis at different pH conditions: 121 

KCl-HCl (50 mM for pH 2), K2HPO4-KH2PO4 (100 mM for pH 7), NaHCO3-NaOH (45.5 122 

mM for pH 9), and Na2HPO4- NaOH (32.5 mM for pH 12). 123 

Hydrolysis experiments: TBP is hydrolyzed with very slow reaction rates at room 124 

temperature under neutral to acidic conditions but rapidly hydrolyzed under strong alkaline 125 

condition (Su et al., 2016). In order to adjust the hydrolysis rates in the same order of 126 
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magnitude for a better comparison of the isotope fractionation patterns associated with 127 

different reaction pathways, hydrolysis experiments were carried out at 80 °C to accelerate 128 

the hydrolysis rate at pH 2, pH 7 and pH 9, respectively. Hydrolysis experiments at pH 12 129 

were performed at 35 °C to slow down the reaction. All experiments were conducted in 40 130 

mL buffer solutions in 150-mL serum bottles with 100 mg L
-1

 TBP as initial concentration. 131 

At different time intervals, the reaction solutions were extracted by adding 1 mL DCM 132 

containing 1000 mg L
-1

 DBP as internal standard and shaking for at least 4 h at 10 °C. 133 

Extracts were stored at 4 °C prior to analysis. The extraction recovery and effect of the 134 

extraction procedure on carbon and hydrogen isotope signature were evaluated as described 135 

in Section 3 of the Supplementary Information. 136 

Potassium peroxydisulfate (KPS) oxidation: For KPS oxidation experiments a molar ratio 137 

of TBP to KPS of 1:20 was used. The KPS oxidation reaction was not conducted at pH 2 138 

due to the exclusive formation of secondary radicals and complicating subsequent reactions.  139 

At pH 2, the SO4
•−

 reacts exclusively with the Cl
−
 from the HCl/ KCl buffer to produce a Cl 140 

atom, which will subsequently react to form Cl2
•−

, a dichloride radical anion (Herrmann, 141 

2003). Therefore, the KPS oxidation reactions were only conducted at pH 7, pH 9 and pH 142 

12, respectively. The initial concentration of TBP was 100 ppm. Buffer solutions with 143 

different pH values were prepared as described above. All KPS oxidation reactions were 144 

carried out at 35 °C. Control experiments were carried out without the addition of KPS. 145 

Remaining TBP was extracted and analyzed as described in the hydrolysis experiment. 146 

UV/H2O2 oxidation experiment: Photolysis experiments were carried out at pH 7 in 147 

phosphate buffer with 200 mg L
-1

 initial TBP concentration. Irradiation was achieved by 148 
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150 W xenon lamp (Type no. L2175, Hamamatsu, Japan), which covered a broad 149 

continuous spectrum from 185 nm to 2000 nm. A long-pass filter with a cut-off of short UV 150 

wavelengths below 280 nm (20CGA-280, Newport Corporation, Irvine, U.S.) was applied. 151 

Direct photolysis is not expected at the applied UV wavelengths due to the almost 152 

negligible photon absorption by TBP (Watts and Linden, 2009). The molar ratio of TBP to 153 

H2O2 was 1:5. In order to investigate the effects of buffer solution concentrations and 154 

reaction rates on the isotope fractionation of TBP, three experiments were carried out in 155 

100 mM buffer solution at 20 °C (UV/H2O2_1), 100 mM buffer solution at 15 °C 156 

(UV/H2O2_2) and 10 mM buffer solution at 15 °C (UV/H2O2_3), respectively. 100 mM 157 

buffer solution was applied to make sure that the pH will remain stable at 7 during the 158 

reaction. Lower buffer concentration of 10 mM was applied to minimize the formation of 159 

the secondary radicals (SI, section 5). The experiments were conducted at different 160 

temperature of 20 °C and 15 °C to slow down the reaction rate. For direct photolysis, 161 

experiments were conducted under the same conditions but without the addition of H2O2 in 162 

a 100 mM buffer solution at 20 °C. Dark control experiments were conducted under 163 

identical experimental conditions without UV exposure (100 mM buffer solution). More 164 

information on the experimental setup of the UV degradation experiments are described 165 

elsewhere (Zhang et al., 2016). The transformation products of TBP in UV/H2O2 166 

experiments were tentatively analyzed by a Fourier-transform ion cyclotron resonance mass 167 

spectrometer (FT-ICR MS, Solarix XR 12T, Bruker Daltonics), the analytical procedures 168 

were described in SI. 169 
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2.3 Data analysis 170 

Isotope ratios were expressed as delta notation (δhE) in parts per thousand (‰) based on Eq. 171 

[1]. Here, Rsample is the ratio of the heavy (
h
E) to the light isotopes (

l
E) of a sample and Rref 172 

corresponds to the ratio of the respective isotopes of reference. For stable carbon isotope 173 

analyses the Vienna Pee Dee Belemnite (V-PDB) is used as reference, whereas for stable 174 

hydrogen isotope analyses the Vienna Standard Mean Ocean Water (V-SMOW) is applied 175 

(Coplen, 1996).  176 

                                                   [1] 177 

The isotope enrichment factor (εE) can be determined from the logarithmic form of the 178 

Rayleigh equation, as shown in Eq. [2] (Rayleigh, 1896; Elsner, 2010). The variables δh
Et and 179 

δh
E0 are the isotope compositions of a compound for the element E at time t and time zero, 180 

respectively, and f is the residual substrate fraction. The changes in concentration during the 181 

reaction (Ct/C0) can be related to the changes in isotope composition by εE.  182                                                                      [2] 183 

The AKIEE value of the bond cleavage at the reactive position can be calculated with Eq. [3], 184 

where n is the total number of atoms for element E in the molecule, x is the number of 185 

reactive sites, and z is the number of indistinguishable reactive sites (Elsner et al., 2005). The 186 

normalisation of AKIEE corrects the bulk isotope enrichment for non-reactive positions and 187 

the intramolecular isotopic competition.  188                                                                      [3] 189 
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Assuming that two processes (process 1 and 2) are reacting with the same substrate 190 

simultaneously and both processes follow first-order kinetics, the contribution of the 191 

individual processes in the mixed reaction can be estimated by an extended Rayleigh-type 192 

equation using the individual isotope enrichment factors of the particular reaction (ε1 and ε2). 193 

The observable εi of the mixed reaction and the ε1 and ε2 of the individual pathway 1 and 2 194 

are needed for this calculation. The rate ratio of two competing degradation pathways (F) can 195 

be calculated by Eq. (4) (Van Breukelen, 2007), indicating the isotope fractionation 196 

contributed by pathway 1 to the observed εi.  197 

                                                                      [4] 198 

3．Results 199 

3.1 Effects of extraction on isotope signature 200 

The recovery of the liquid/liquid DCM extraction method was 91.2 ± 10.2% (Fig. S2 (a)). 201 

The isotope shifts of TBP before and after DCM extraction were 0.05 – 0.65‰ for δ13
C, 202 

and 1 – 4‰ for δ2
H (Fig. S2 (b)), respectively. Considering the analytical uncertainty of 203 

carbon and hydrogen isotope compositions, which is < ±0.5‰ and < ±5‰ for carbon and 204 

hydrogen, respectively, carbon and hydrogen isotope shifts due to the extraction process are 205 

insignificant. A detailed description was provided in SI, section 3.  206 

3.2 Isotope fractionation of TBP during hydrolysis 207 

The degradation curves and changes in carbon and hydrogen isotope compositions of TBP 208 

are illustrated in Fig. 1, and the obtained kobs and ε values for TBP hydrolysis are 209 

summarized in Table 1. All hydrolysis experiments followed pseudo-first order kinetics 210 

with R
2
 better than 0.97, alkaline conditions resulted in higher reaction rates compared to 211 
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neutral and acidic conditions (pH 12 > pH 9 > pH 7 ≈ pH 2) (Table 1). The stable carbon 212 

isotope enrichment could be quantified by the Rayleigh equation. At pH 2, 90% 213 

degradation was achieved within 1236 h, resulting in a carbon enrichment factor (εC) of 214 

-3.8 ± 0.3‰. 88% degradation was achieved within 1140 h at pH 7, yielding an εC of -4.6 ± 215 

0.5‰. 94% degradation was achieved within 864 h and yielding an εC of -2.8 ± 0.1‰ at pH 216 

9. At pH 12, 80% degradation was achieved after 1464 h and no carbon enrichment was 217 

observed. Hydrogen isotope fractionation was not observed in all hydrolysis experiments 218 

(Fig. 1).  219 

3.3 Isotope fractionation of TBP during KPS oxidation 220 

The degradation curves and changes in carbon and hydrogen isotope compositions of TBP 221 

are illustrated in Fig. 2, and the corresponding kobs and ε values are summarized in Table 1. 222 

All oxidation experiments followed pseudo-first order kinetics and the kobs values 223 

decreased with increasing pH (Table 1). The stable carbon and hydrogen isotope 224 

fractionation could be quantified by the Rayleigh equation. About 95% TBP was degraded 225 

within 292 h at pH7/KPS, resulting in a εC = -0.9 ± 0.1‰ and εH = -16 ± 2‰, respectively. 226 

At pH9/KPS, 95% degradation was achieved within 332 h, yielding an εC of -0.8 ± 0.1‰ 227 

and an εH of -20 ± 2‰. At pH12/KPS, TBP was depleted to 90% within 400 h, 228 

corresponding to an εC = -0.5 ± 0.1‰ and εH = -11 ± 1‰. No degradation took place in 229 

control experiments except for pH12/KPS (Fig. S2). Due to the hydrolysis at pH 12, 35% 230 

of TBP was degraded within 400 h. 231 

3.4 Isotope fractionation of TBP during UV/H2O2 oxidation 232 

Degradation curves and changes in carbon and hydrogen isotope compositions of TBP are 233 

illustrated in Fig. 2. All experiments followed pseudo-first order kinetics, and the kobs 234 

values (× 10
-3

 h
-1

) were 474.2 ± 11.4 in UV/H2O2_1, 27.9 ± 2.4 in UV/H2O2_2 and 6.8 ± 235 
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0.5 in UV/H2O2_3, respectively (Table 1). All coefficients of determination (R
2
) were larger 236 

than 0.99. In the experiment UV/H2O2_1, 96% TBP was degraded within 6.7 h, yielding a 237 

εC of -0.8 ± 0.1‰ and εH of -14 ± 1‰. In the degradation experiment UV/H2O2_2, 85% 238 

TBP was depleted in 72.5 h, resulting in a εC of -0.6 ± 0.3‰ and εH of -13 ± 3‰. In the 239 

degradation experiment UV/H2O2_3, 93% TBP was transformed within 385 h, and an εC of 240 

-0.6 ± 0.2‰ and εH of -17 ± 7‰ were obtained. In the control experiment without H2O2 241 

employing the conditions used in UV/H2O2_1, no significant change of the TBP 242 

concentration was observed (Fig.S2 d), suggesting that direct photolysis did not take place 243 

during these experiments.  244 

3.5 Analysis of transformation products of TBP in the UV/H2O2 experiment 245 

Three potential transformation products were tentatively characterized as 246 

di-n-butylphosphate (P1), keto-tri-butylphosphate (P2), and hydroxy-tri-butylphosphate (P3) 247 

(Table S1 and Fig. S3). The detailed information of characterized transformation products 248 

is given in the SI, section 7. The precise position of the hydroxyl or keto group at the side 249 

chain of the TBP molecule could not be confirmed, however, it is likely that the functional 250 

group is formed by radical attack at the sub-terminal carbon of the butyl chain. 251 

3.6 Two dimensional isotope fractionation (C-H) 252 

In order to explore the diagnostic potential of two dimensional isotope fractionation 253 

analysis, the hydrogen and carbon isotope fractionation were plotted to obtain  values 254 

(               , ∆13C = δt
13

C-δ0
13C, ∆2H = δt

2
H-δ0

2
H). However, due to the absence of 255 

hydrogen isotope fractionation  could not be defined for hydrolysis. In contrast, the 256 

radical oxidation of TBP under pH7/KPS, pH9/KPS and pH12/KPS conditions resulted in 257 

 values of 17 ± 1, 23 ± 1, 19 ± 1, respectively (Table 1). The reactions of TBP by 258 



13 

 

UV/H2O2 (dominant 
•
OH reaction, described in SI, section 5) yielded an average  value of 259 

20 ± 4 (Table 1), which is statistically identical with the ones obtained from KPS oxidation 260 

experiments. The two dimensional isotope fractionation analysis of all radical oxidation 261 

experiments including SO4
•–

 and 
•
OH gave an average  value of 20 ± 4 (Table 1). 262 

4. Discussion 263 

4.1 Insight of the isotope fractionation during hydrolysis 264 

A previous study proposed two hydrolysis pathways of organophosphorus compounds (OPs) 265 

(Fig. 3a,b): the first one is OH
–
 or H2O attacks the phosphorus atom; the second one is H2O 266 

attacks the carbon atom (Wu et al., 2006). The acid-catalysed hydrolysis of esters mainly 267 

proceeds via an AAC2 mechanism suggesting an acyl-oxygen fission (AC) in a bimolecular 268 

reaction (Day and Ingold, 1941). For instance, under acidic and neutral conditions, 269 

trimethyl phosphate may lead to a C–O bond split as demonstrated in experiments with 270 

18
O-labelled water as indicator (Blumenthal and Herbert, 1945). Consequently, the C-O 271 

bond cleavage leads to carbon isotope fractionation of TBP. At high pH (e.g., pH >10), OH
–
 272 

attacks the phosphorus atom through simple nucleophile displacement (SN2-type) leading 273 

to a P–O bond cleavage (Wanamaker et al., 2013). The reaction may proceed via a two-step 274 

addition-elimination pathway involving a pentacoordinate intermediate, such as TS1 and 275 

TS2 (Fig. 3b) (Kirby et al., 2013). The observed negligible carbon and hydrogen isotope 276 

fractionation of TBP at pH 12 highly supports a P–O bond split.  277 

At pH 9, the observed carbon isotope fractionation of TBP provided evidence for a C–O 278 

bond split. However, the εC value at pH 9 was lower than that of pH 2 and pH 7. The same 279 

phenomenon was observed during methyl parathion and ethyl parathion hydrolysis (Wu et 280 

al., 2018a). Given that hydrolysis of OPs is pH dependent, no precise pH boundary can be 281 
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used for the identification of C–O or P–O bond split. The two major degradation pathways 282 

occurred simultaneously at pH 9. The P–O bond cleavage is not associated with carbon 283 

isotope fractionation, and thus carbon isotope fractionation can be solely attributed to the 284 

splitting of the C–O bond. Considering that the carbon fractionation observed in 285 

experiments for acid hydrolysis (pH 2) and alkaline hydrolysis (pH 12) are representative 286 

for the mechanism for C–O and P–O bond split respectively, and both processes follow the 287 

first-order kinetics, Eq. [4] can be applied for the calculation of the contribution of the two 288 

pathways acting during the hydrolysis at pH 9. The carbon isotope enrichment factors of 289 

hydrolysis at pH 2 (ε1 = -3.8 ± 0.3‰) and the ε2 value of 0‰ representing hydrolysis at pH 290 

12 were used for calculation. Within the uncertainty of isotope enrichment factors observed 291 

in the experiments, the enrichment factor of TBP at pH 9 (εi = -2.8±0.1‰) suggests that 292 

67–80% of TBP was hydrolysed via the C–O bond cleavage pathway, and the remaining 293 

20–33% was attributed to the P–O bond split. The mechanism of acidic and neutral 294 

hydrolysis is almost identical, and the calculation is also valid for comparing contributions 295 

at neutral conditions.  296 

For testing the hypothesis of the degradation mechanisms the AKIE values were compared 297 

to intrinsic KIE reactions. For TBP hydrolysis, AKIEC (calculation is described in SI, 298 

section 6) ranged from 1.048 to 1.058, which is in line with the intrinsic KIE values of 299 

nucleophilic substitution (1.03–1.09; SN2 type on C–O bond) (Paneth et al., 1992), 300 

supporting the conclusion of C–O bond cleavage during TBP hydrolysis. 301 

4.2 pH-dependency of radical oxidation  302 

In this study, either SO4
•–

 or 
•
OH was involved in persulfate oxidation, which is a 303 
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pH-dependent reaction. Once SO4
•–

 was generated by S2O8
2-

 scission, it could propagate a 304 

chain of reactions involving the formation of other reactive species. SO4
•–

 can react with 305 

water at all pH levels, forming 
•
OH (Eq. [S1]) (Neta et al., 1988; Herrmann et al., 1995). 306 

With the increase of pH, SO4
•–

 preferentially reacts with OH
–
 forming 

•
OH with an 307 

increasing rate constant (Eq. [S2]) (Neta et al., 1988; Herrmann et al., 1995). Hence, at low 308 

pH (i.e. pH 7), SO4
•–

 is the predominant reactive species, whereas at pH 9, both SO4
•–

 and 309 

•
OH could coexist and at pH 12, 

•
OH is predominant (Liang and Su, 2009). Considering 310 

both radical species can be quenched to some extent by the PO4
3-

 and CO3
2-

 components in 311 

the buffer, the contributions of secondary radicals formed during the reaction and 312 

subsequent reaction with TBP were taken into account and the contributions were estimated 313 

to be minor (description in SI, section 5). 314 

During radical oxidation of TBP, the rate constants have the following order: pH 7 > pH 9 > 315 

pH 12 (Table 1), demonstrating that the reaction can be retarded by increasing pH. The rate 316 

constants are associated with the reactivity of the radicals as SO4
•–

 has a stronger redox 317 

potential than 
•
OH (Buxton et al., 1988; Neta et al., 1988), and thus may result in larger 318 

kinetic rate constants. The TBP oxidation by KPS at pH 12 had a 5 times larger rate 319 

constant compared to the hydrolysis at pH 12 (Table 1) suggesting that radical oxidation 320 

was dominating the degradation reaction. Nevertheless, two degradation processes 321 

co-existed in the degradation of TBP in the pH12/KPS system, namely, radical oxidation 322 

and alkaline hydrolysis. The contribution of alkaline hydrolysis on the TBP degradation 323 

was 35% based on the control experiment without the addition of KPS (Fig. S2). 324 

4.3 Insight of isotope fractionation during 
•
OH and SO4

•–
 reaction with TBP 325 

•
OH which can be generated by H2O2 under UV irradiation has a high tendency to react 326 

non-selectively on functional groups via electron transfer, hydrogen abstraction or 327 

electrophilic/radical addition (Buxton et al., 1988). The transformation products formed in 328 
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the UV/H2O2 reaction with TBP were tentatively identified as keto and hydroxylated 329 

derivatives (Table S1), suggesting a hydrogen abstraction from the alkyl chain at 330 

sub-terminal positions. This suggests a formation of a radical at the side chain which is 331 

quenched by oxygen forming a meta stable intermediate radical followed by a Russell 332 

mechanism (Russell, 1957) to form keto and hydroxyl TBP (Fig. 3c). In subsequent steps 333 

further reactions may lead to the formation of dibutyl phosphate. The hydrogen abstraction 334 

mechanism will lead to 
2
H and 

13
C isotope fractionation of TBP. Alternatively, radical 335 

addition, for example 
•
OH addition to the central phosphorus atom, may form a 336 

(C4H9O)3PO
•
OH radical leading to elimination of butanol and resulting in dibutyl 337 

phosphate (Fig. 3c). However, 
•
OH addition to phosphate will lead to P-O cleavage and is 338 

unlikely to induce 
2
H and 

13
C isotope fractionation. Similar mechanisms have been 339 

observed in previous studies during the 
•
OH reaction with tri-(2chloroethyl) phosphate (Wu 340 

et al., 2018a) and dimethyl phenylphosphonate (Oh et al., 2003). According to the reaction 341 

mechanisms of SO4
•–

 and tri-(2chloroethyl) phosphate, SO4
•–

 was reported to react with 342 

phosphorus and carbon atoms, thereby causing a P–O and C–H bond split (Ou et al., 2017). 343 

Similarly, two pathways were proposed to be involved in TBP oxidation induced by SO4
•–

. 344 

One pathway involves the addition to the phosphorus centre and rupturing of 345 

–OCH2CH2CH2CH3 chains and the other one involves the addition to the –CH2– moieties 346 

causing the C–H bond split.  347 

The radical reaction with the alkane side chain at the sub-terminal position cleaving a C-H 348 

bond in the transition state leads to 
2
H and 

13
C isotope fractionation. The observed 

2
H and 349 

13
C isotope fractionation in our experiments showed that this pathway took place during 350 

radical oxidation of TBP by 
•
OH and SO4

•–
. The obtained εC and εH at pH7/KPS (SO4

•–
 351 

dominating) and pH9/KPS (SO4
•–

 and 
•
OH co-existing) were very similar with the ones 352 

from UV/H2O2 (pure 
•
OH) (Table 1). The slightly smaller εC of -0.5±0.1‰ and εH of -11±1‰ 353 
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at pH12/KPS (
•
OH dominating) is due to the effect of alkaline hydrolysis of TBP at pH 12. 354 

Considering 35% of TBP degradation was contributed by alkaline hydrolysis (process 1) at 355 

pH12/KPS (Fig. S2), the ε associated with the 
•
OH oxidation process (process 2) can be 356 

estimated using Eq. (4) where F = 0.35, εi = -0.5±0.1‰ for carbon and -11±1‰ for 357 

hydrogen, ε1 = 0‰. Thus, ε2 was calculated to be -0.8±0.2‰ for carbon and -17±2‰ for 358 

hydrogen, which were identical with the ones obtained from radical oxidation of TBP at 359 

pH7/KPS, pH9/KPS and UV/H2O2 conditions (Table 1). The average values of εC = 360 

-0.7±0.1‰, εH = -16±3‰, and Λ = 20±4 calculated from all individual radical oxidation 361 

experiments suggest that SO4
•–

 and 
•
OH radical oxidation processes of TBP could not be 362 

distinguished based on isotope enrichment factors within the uncertainty of our results, and 363 

it may suggest that both reaction processes had similar mechanisms of attacking carbon 364 

atoms and cleaving C–H bonds. However, P–O bond splitting cannot be characterized by 365 

the 
2
H and 

13
C isotope fractionation of TBP in this study, therefore, 

2
H and 

13
C isotope 366 

fractionation studies cannot provide direct evidence to evaluate the process of P–O bond 367 

cleavage. 368 

The AKIEC which ranged from 1.007 to 1.011 for all radical oxidation experiments (Table 369 

1) is consistent with those reported for n-alkanes’ chemical transformation (1.01–1.02) 370 

(Bouchard et al., 2008) and lower than the Streitwieser Limits for a C–H bond (1.021) 371 

cleavage (Elsner et al., 2005). A series of studies yield AKIEH values between 2–23 that are 372 

typical for H-bond cleavage (Elsner et al., 2005). The AKIEH values reported in this study 373 

were lower and ranged from 1.608 to 2.174, indicating that steps other than the C–H bond 374 

cleavage were also rate-determining for radical oxidation of TBP. Potentially a radical 375 

reaction at the phosphate moiety may contribute to TBP degradation (Fig.3c 2) but do not 376 

contribute to 
2
H and 

13
C isotope fractionation. This may explain why the calculated AKIE 377 

values are lower than those typically expected for C-H bond cleavage. In our case the 378 
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calculated AKIE values do not describe the KIE of the C-H bond cleavage at the side chain 379 

of TBP because the overall transformation reaction has a contribution of OH addition to the 380 

phosphate. However our current data do not allow validating this hypothesis in more detail. 381 

4.4 Identification of degradation pathways by 2D-plot to analyse  values  382 

The SO4
•–

 and 
•
OH resulted in a characteristic isotope fractionation pattern ( values) for 383 

radical oxidation reactions of TBP. As hydrolysis did not lead to primary hydrogen isotope 384 

effects, hydrolysis and radical oxidation of TBP can be clearly distinguished by the 385 

correlation of 
2
H and 

13
C fractionation (Fig. 4). Similar results have been reported for 386 

radical oxidation of tris(2-chloroethyl) phosphate by 
•
OH formed in Fenton reactions and 387 

UV/H2O2 (Wu et al., 2018a). However, considering the obtained identical  values (section 388 

3.5), the  values do not allow for separating the mechanisms of SO4
•–

 and 
•
OH reactions 389 

with TBP. The  values are not affected when non-isotope-fractionating processes such as 390 

alkaline hydrolysis are influencing overall degradation, showing that mechanisms can also 391 

be identified when non-isotope-fractionating processes are at work. This may imply that the 392 

extent of isotope fractionation can be used for the assessment of radical reactions and may 393 

allow for the selection of an isotope enrichment factor representative for radical reactions. 394 

This isotope enrichment factor could then be used to calculate the contribution of 395 

degradation of TBP by radical reactions to the overall degradation in the environment. For 396 

example the hydrogen enrichment factor could be used to quantify the contribution of 397 

radical reactions because hydrolysis does not exhibit 
2
H fractionation. The 

2
H and 

13
C 398 

isotope fractionation pattern of parathion has been used at an industrial dumpsite to 399 

characterise the contribution of neutral and acidic hydrolysis of parathion in a remediation 400 

measure (Wu et al., 2018b). Similarly, the  values determined throughout the current 401 

study could be used in the future to characterise degradation reaction in field studies for 402 
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quantifying hydrolysis or chemical oxidation reactions. Further information for 403 

quantification of degradation reactions in the environment using enrichment factors have 404 

been summarised previously (Thullner et al., 2012). 405 

5. Conclusions 406 

In this study, the carbon and hydrogen isotope fractionation caused by hydrolysis and 407 

radical oxidation of TBP were systematically examined at different pH conditions. The 408 

AKIEC of the hydrolysis under neutral and acidic conditions was 1.048 - 1.058, which was 409 

consistent with an SN2-type displacement reaction cleaving the C-O bond. At pH 12, a 410 

SN2-type nucleophilic displacement reaction cleaving the P-O bond was characterized by 411 

the absence of carbon and hydrogen isotope fractionation. During hydrolysis at pH 9, the 412 

SN2-type displacement reaction cleaving the C-O bond affects the carbon isotope 413 

fractionation and contributes to 67 - 80% of the overall reaction. The radical oxidation of 414 

TBP results in AKIEC and AKIEH of 1.007 – 1.011 and 1.608 - 2.174, respectively, which is 415 

consistent with a major contribution of a C-H bond cleavage. The correlation of 
2
H and 

13
C 416 

isotope fractionation of TBP allows identifying radical reactions and distinguishing radical 417 

reactions from hydrolysis.  418 
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Abstract 21 

Tributyl phosphate (TBP) belongs to the group of trialkyl substituted organophosphate 22 

esters. Its chemical reactivity depends on the stability of various chemical bonds. TBP was 23 

used as a model compound for the development of a concept using stable isotope 24 

fractionation associated with bond cleavage reactions for better understanding the fate of 25 

TBP in the environment. Carbon isotope enrichment factors (εC) of TBP hydrolysis were 26 

found to be pH dependent (-3.8 ± 0.3‰ at pH 2, -4.6 ± 0.5‰ at pH 7, -2.8 ± 0.1‰ at pH 9, 27 

no isotope fractionation at pH 12), which is in accordance with the mode of a SN2 28 

hydrolytic bond cleavage. Hydrogen isotope fractionation was negligible as no H bond 29 

cleavage is involved during hydrolysis. The apparent carbon kinetic isotope effect (AKIEC) 30 

ranged from 1.045 to 1.058. In contrast to hydrolysis, both carbon and hydrogen isotope 31 

fractionation were observed during radical oxidation of TBP by 
•
OH and SO4

•–
, yielding εC 32 

from -0.9 ± 0.1‰ to -0.5 ± 0.1‰ and εH from -20 ± 2‰ to -11 ± 1‰. AKIEC and AKIEH 33 

varied from 1.007 to 1.011 and from 1.594 to 2.174, respectively. The correlation of 
2
H and 34 

13
C fractionation revealed Λ values ranging from 17 ± 1 to 25 ± 6. Results demonstrated 35 

that the correlation of 
2
H and 

13
C isotope fractionation of TBP allowed to identify radical 36 

reactions and to distinguish them from hydrolysis. The presented dual isotope analysis 37 

approach has diagnostic value for characterizing the chemical transformation of TBP in the 38 

environment.  39 

Keywords 40 

tributyl phosphate, isotope fractionation, hydrolysis, radical oxidation, AKIE  41 
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1. Introduction 42 

Tributyl phosphate (TBP) is an organophosphorus compound widely used as flame 43 

retardant, plasticiser, anti-foamer, component of herbicides and hydraulic fluids (Regnery 44 

et al., 2011). In addition, it was extensively used as a solvent for plutonium uranium redox 45 

extraction (PUREX) for nuclear fuel reprocessing (Mincher et al., 2008). The production of 46 

commercially used TBP is about 3000-5000 tons/year in Europe (Nancharaiah et al., 2015). 47 

Due to its extensive use, TBP is frequently detected in the aquatic environment of many 48 

countries, including Germany (Fries and Püttmann, 2003; Regnery and Puttmann, 2010), 49 

Austria (Martinez-Carballo et al., 2007), Italy (Bacaloni et al., 2008), Spain (Rodil et al., 50 

2012), Korea (Lee et al., 2016), and China (He et al., 2014; Shi et al., 2016). 51 

TBP can inhibit the enzyme acetylcholine esterase (AChE), resulting in cholinergic toxicity 52 

of the autonomic system and can thus lead to respiratory paralysis and even death (Bergman 53 

et al., 2012; Greget et al., 2016). Given these adverse effects, TBP has been an environmental 54 

concern for decades, especially in aquatic systems. The main degradation pathways are 55 

hydrolysis, indirect photo-oxidation or microbial degradation (Berne et al., 2005; Watts and 56 

Linden, 2009; Nancharaiah et al., 2015; Su et al., 2016). These are probably the key 57 

processes how TBP is degraded or attenuated in the environment. Direct chemical oxidation 58 

is effective for the removal of organic contaminants in waste water. In particular, chemicals, 59 

such as hydrogen peroxide, persulfate, permanganate and ozone, have been applied for in situ 60 

chemical oxidation (ISCO) for the treatment of subsurface TBP or similar contamination 61 

(Watts and Teel, 2006). Hydroxyl radicals (
•
OH) are an effective oxidant with redox potential 62 
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of 1.7–2.8 V and are frequently used for wastewater remediation (Waclawek et al., 2017). 63 

Similar to 
•
OH, the sulfate radical (SO4

•–
) with a redox potential of 2.5–3.1 V is efficient for 64 

the oxidation of many organic compounds (Neta et al., 1988). SO4
•–

 can be generated for 65 

example from peroxydisulfate (S2O8
2–

, PS) or peroxymonosulfate (HS2O5
–
) salts by the 66 

activation of the persulfate anion (S2O8
2–

, E0 = 2.01 V) using light (Herrmann, 2007; Yang et 67 

al., 2017) or heat (House, 1962; Liang and Su, 2009). Over the past ten years, considerable 68 

attention has been paid to potassium peroxydisulfate (KPS) because of its lower cost 69 

compared to H2O2 or O3 and the high efficiency for organic mineralization (Lau et al., 2007; 70 

Waclawek et al., 2017). 71 

Conventionally, degradation pathways are chemically analysed by measuring the 72 

concentrations decrease of reactants and the appearance of degradation products for the 73 

identification of reaction products. However, this approach often has large uncertainties 74 

because of the influence of physical processes (such as dilution, volatility and sorption), the 75 

challenges of detecting unknown products and the difficulties to establish mass balances. As 76 

an alternative technology, compound specific isotope analysis (CSIA) making use of isotope 77 

fractionation processes of degradation reactions can be used for the qualitative 78 

characterisation and quantitative estimation of processes involved in organic compound 79 

degradation in the environment. This technique is becoming a routine and practical approach 80 

in biogeochemistry and environmental science (Elsner, 2010; Thullner et al., 2012; Nijenhuis 81 

and Richnow, 2016; Vogt et al., 2016).  82 

For better understanding of the transformation mechanisms, the kinetic isotope effect (KIE) 83 

based on chemical bond change reactions can be analyzed. The KIE characterizes the rate 84 
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limitation of a bond change reaction posed by isotopologues. The rate limitation is equivalent 85 

to the stability of heavy and light isotope substituted bonds and characterizes the transition 86 

state of a chemical reaction (Northrop, 1981; Wolfsberg et al., 2009). The apparent kinetic 87 

isotope effect (AKIE) can be calculated to normalize the isotope enrichment factor () for 88 

non-reacting positions and intermolecular competition to compensate for “dilution” of the 89 

isotope composition in reacting isotopologues. The AKIE can be used to compare the kinetic 90 

isotope effect of bond cleavage reactions of different molecules. Multi-element isotope 91 

fractionation analysis correlating the isotope fractionation of two (or more) elements can be 92 

used to evaluate the degradation pathways (Gray et al., 2002; Elsner et al., 2005). Previous 93 

studies demonstrated the potential use of stable isotope fractionation for characterizing the 94 

transformation mechanisms of organophosphorus compounds, such as dichlorvos, dimethoate, 95 

methyl parathion, parathion and tris(2-chloroethyl) phosphate (Wu et al., 2014; Wu et al., 96 

2017; Wu et al., 2018a). 97 

In the present study, we systematically examined the carbon and hydrogen isotope 98 

fractionation upon hydrolysis of TBP under acidic, neutral and alkaline conditions to 99 

characterize the reaction pathways. The isotope fractionation patterns of TBP by radical 100 

oxidation (SO4
•–

 and 
•
OH) were also examined. The objectives of this study were to (1) 101 

investigate the kinetic reaction rate constant kobs of hydrolysis and radical oxidation; (2) 102 

characterize the stable carbon and hydrogen isotope fractionation of TBP during hydrolysis 103 

and radical oxidation; (3) distinguish different mechanisms by using the AKIE values and 104 

correlating 
2
H and 

13
C isotope fractionation to obtain  values, which may be used 105 

diagnostically for tracing TBP degradation in the field. 106 
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2. Materials and methods 107 

A detailed description of the analytical methods is provided in the Supplementary 108 

Information (SI). 109 

2.1 Chemicals 110 

All chemicals were of analytical grade quality and used without further purification. 111 

Tributyl phosphate (TBP, 99% purity) and dibutyl phthalate (DBP, >99% purity) were 112 

purchased from Xiya Company (China). Dichloromethane (DCM) was supplied by Carl 113 

Roth GmbH + Co. KG (Karlsruhe, Germany). Potassium peroxydisulfate (K2S2O8), 114 

hydrogen peroxide (30% H2O2), di-potassium hydrogen phosphate (K2HPO4), potassium 115 

dihydrogen phosphate (KH2PO4), sodium hydrogen carbonate (NaHCO3), sodium hydrate 116 

(NaOH), and disodium hydrogen phosphate (Na2HPO4) were supplied by Merck 117 

(Guaranteed reagent quality, Darmstadt, Germany). Solutions and pH buffers were 118 

prepared in ultrapure water obtained by a Milli-Q System (Millipore GmbH, Germany). 119 

2.2 Hydrolysis and radical oxidation experiments 120 

The following buffer solutions were used to obtain hydrolysis at different pH conditions: 121 

KCl-HCl (50 mM for pH 2), K2HPO4-KH2PO4 (100 mM for pH 7), NaHCO3-NaOH (45.5 122 

mM for pH 9), and Na2HPO4- NaOH (32.5 mM for pH 12). 123 

Hydrolysis experiments: TBP is hydrolyzed with very slow reaction rates at room 124 

temperature under neutral to acidic conditions but rapidly hydrolyzed under strong alkaline 125 

condition (Su et al., 2016). In order to adjust the hydrolysis rates in the same order of 126 
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magnitude for a better comparison of the isotope fractionation patterns associated with 127 

different reaction pathways, hydrolysis experiments were carried out at 80 °C to accelerate 128 

the hydrolysis rate at pH 2, pH 7 and pH 9, respectively. Hydrolysis experiments at pH 12 129 

were performed at 35 °C to slow down the reaction. All experiments were conducted in 40 130 

mL buffer solutions in 150-mL serum bottles with 100 mg L
-1

 TBP as initial concentration. 131 

At different time intervals, the reaction solutions were extracted by adding 1 mL DCM 132 

containing 1000 mg L
-1

 DBP as internal standard and shaking for at least 4 h at 10 °C. 133 

Extracts were stored at 4 °C prior to analysis. The extraction recovery and effect of the 134 

extraction procedure on carbon and hydrogen isotope signature were evaluated as described 135 

in Section 3 of the Supplementary Information. 136 

Potassium peroxydisulfate (KPS) oxidation: For KPS oxidation experiments a molar ratio 137 

of TBP to KPS of 1:20 was used. The KPS oxidation reaction was not conducted at pH 2 138 

due to the exclusive formation of secondary radicals and complicating subsequent reactions.  139 

At pH 2, the SO4
•−

 reacts exclusively with the Cl
−
 from the HCl/ KCl buffer to produce a Cl 140 

atom, which will subsequently react to form Cl2
•−

, a dichloride radical anion (Herrmann, 141 

2003). Therefore, the KPS oxidation reactions were only conducted at pH 7, pH 9 and pH 142 

12, respectively. The initial concentration of TBP was 100 ppm. Buffer solutions with 143 

different pH values were prepared as described above. All KPS oxidation reactions were 144 

carried out at 35 °C. Control experiments were carried out without the addition of KPS. 145 

Remaining TBP was extracted and analyzed as described in the hydrolysis experiment. 146 

UV/H2O2 oxidation experiment: Photolysis experiments were carried out at pH 7 in 147 

phosphate buffer with 200 mg L
-1

 initial TBP concentration. Irradiation was achieved by 148 
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150 W xenon lamp (Type no. L2175, Hamamatsu, Japan), which covered a broad 149 

continuous spectrum from 185 nm to 2000 nm. A long-pass filter with a cut-off of short UV 150 

wavelengths below 280 nm (20CGA-280, Newport Corporation, Irvine, U.S.) was applied. 151 

Direct photolysis is not expected at the applied UV wavelengths due to the almost 152 

negligible photon absorption by TBP (Watts and Linden, 2009). The molar ratio of TBP to 153 

H2O2 was 1:5. In order to investigate the effects of buffer solution concentrations and 154 

reaction rates on the isotope fractionation of TBP, three experiments were carried out in 155 

100 mM buffer solution at 20 °C (UV/H2O2_1), 100 mM buffer solution at 15 °C 156 

(UV/H2O2_2) and 10 mM buffer solution at 15 °C (UV/H2O2_3), respectively. 100 mM 157 

buffer solution was applied to make sure that the pH will remain stable at 7 during the 158 

reaction. Lower buffer concentration of 10 mM was applied to minimize the formation of 159 

the secondary radicals (SI, section 5). The experiments were conducted at different 160 

temperature of 20 °C and 15 °C to slow down the reaction rate. For direct photolysis, 161 

experiments were conducted under the same conditions but without the addition of H2O2 in 162 

a 100 mM buffer solution at 20 °C. Dark control experiments were conducted under 163 

identical experimental conditions without UV exposure (100 mM buffer solution). More 164 

information on the experimental setup of the UV degradation experiments are described 165 

elsewhere (Zhang et al., 2016). The transformation products of TBP in UV/H2O2 166 

experiments were tentatively analyzed by a Fourier-transform ion cyclotron resonance mass 167 

spectrometer (FT-ICR MS, Solarix XR 12T, Bruker Daltonics), the analytical procedures 168 

were described in SI. 169 
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2.3 Data analysis 170 

Isotope ratios were expressed as delta notation (δhE) in parts per thousand (‰) based on Eq. 171 

[1]. Here, Rsample is the ratio of the heavy (
h
E) to the light isotopes (

l
E) of a sample and Rref 172 

corresponds to the ratio of the respective isotopes of reference. For stable carbon isotope 173 

analyses the Vienna Pee Dee Belemnite (V-PDB) is used as reference, whereas for stable 174 

hydrogen isotope analyses the Vienna Standard Mean Ocean Water (V-SMOW) is applied 175 

(Coplen, 1996).  176 

                                                   [1] 177 

The isotope enrichment factor (εE) can be determined from the logarithmic form of the 178 

Rayleigh equation, as shown in Eq. [2] (Rayleigh, 1896; Elsner, 2010). The variables δh
Et and 179 

δh
E0 are the isotope compositions of a compound for the element E at time t and time zero, 180 

respectively, and f is the residual substrate fraction. The changes in concentration during the 181 

reaction (Ct/C0) can be related to the changes in isotope composition by εE.  182                                                                      [2] 183 

The AKIEE value of the bond cleavage at the reactive position can be calculated with Eq. [3], 184 

where n is the total number of atoms for element E in the molecule, x is the number of 185 

reactive sites, and z is the number of indistinguishable reactive sites (Elsner et al., 2005). The 186 

normalisation of AKIEE corrects the bulk isotope enrichment for non-reactive positions and 187 

the intramolecular isotopic competition.  188                                                                      [3] 189 
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Assuming that two processes (process 1 and 2) are reacting with the same substrate 190 

simultaneously and both processes follow first-order kinetics, the contribution of the 191 

individual processes in the mixed reaction can be estimated by an extended Rayleigh-type 192 

equation using the individual isotope enrichment factors of the particular reaction (ε1 and ε2). 193 

The observable εi of the mixed reaction and the ε1 and ε2 of the individual pathway 1 and 2 194 

are needed for this calculation. The rate ratio of two competing degradation pathways (F) can 195 

be calculated by Eq. (4) (Van Breukelen, 2007), indicating the isotope fractionation 196 

contributed by pathway 1 to the observed εi.  197 

                                                                      [4] 198 

3．Results 199 

3.1 Effects of extraction on isotope signature 200 

The recovery of the liquid/liquid DCM extraction method was 91.2 ± 10.2% (Fig. S2 (a)). 201 

The isotope shifts of TBP before and after DCM extraction were 0.05 – 0.65‰ for δ13
C, 202 

and 1 – 4‰ for δ2
H (Fig. S2 (b)), respectively. Considering the analytical uncertainty of 203 

carbon and hydrogen isotope compositions, which is < ±0.5‰ and < ±5‰ for carbon and 204 

hydrogen, respectively, carbon and hydrogen isotope shifts due to the extraction process are 205 

insignificant. A detailed description was provided in SI, section 3.  206 

3.2 Isotope fractionation of TBP during hydrolysis 207 

The degradation curves and changes in carbon and hydrogen isotope compositions of TBP 208 

are illustrated in Fig. 1, and the obtained kobs and ε values for TBP hydrolysis are 209 

summarized in Table 1. All hydrolysis experiments followed pseudo-first order kinetics 210 

with R
2
 better than 0.97, alkaline conditions resulted in higher reaction rates compared to 211 
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neutral and acidic conditions (pH 12 > pH 9 > pH 7 ≈ pH 2) (Table 1). The stable carbon 212 

isotope enrichment could be quantified by the Rayleigh equation. At pH 2, 90% 213 

degradation was achieved within 1236 h, resulting in a carbon enrichment factor (εC) of 214 

-3.8 ± 0.3‰. 88% degradation was achieved within 1140 h at pH 7, yielding an εC of -4.6 ± 215 

0.5‰. 94% degradation was achieved within 864 h and yielding an εC of -2.8 ± 0.1‰ at pH 216 

9. At pH 12, 80% degradation was achieved after 1464 h and no carbon enrichment was 217 

observed. Hydrogen isotope fractionation was not observed in all hydrolysis experiments 218 

(Fig. 1).  219 

3.3 Isotope fractionation of TBP during KPS oxidation 220 

The degradation curves and changes in carbon and hydrogen isotope compositions of TBP 221 

are illustrated in Fig. 2, and the corresponding kobs and ε values are summarized in Table 1. 222 

All oxidation experiments followed pseudo-first order kinetics and the kobs values 223 

decreased with increasing pH (Table 1). The stable carbon and hydrogen isotope 224 

fractionation could be quantified by the Rayleigh equation. About 95% TBP was degraded 225 

within 292 h at pH7/KPS, resulting in a εC = -0.9 ± 0.1‰ and εH = -16 ± 2‰, respectively. 226 

At pH9/KPS, 95% degradation was achieved within 332 h, yielding an εC of -0.8 ± 0.1‰ 227 

and an εH of -20 ± 2‰. At pH12/KPS, TBP was depleted to 90% within 400 h, 228 

corresponding to an εC = -0.5 ± 0.1‰ and εH = -11 ± 1‰. No degradation took place in 229 

control experiments except for pH12/KPS (Fig. S2). Due to the hydrolysis at pH 12, 35% 230 

of TBP was degraded within 400 h. 231 

3.4 Isotope fractionation of TBP during UV/H2O2 oxidation 232 

Degradation curves and changes in carbon and hydrogen isotope compositions of TBP are 233 

illustrated in Fig. 2. All experiments followed pseudo-first order kinetics, and the kobs 234 

values (× 10
-3

 h
-1

) were 474.2 ± 11.4 in UV/H2O2_1, 27.9 ± 2.4 in UV/H2O2_2 and 6.8 ± 235 
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0.5 in UV/H2O2_3, respectively (Table 1). All coefficients of determination (R
2
) were larger 236 

than 0.99. In the experiment UV/H2O2_1, 96% TBP was degraded within 6.7 h, yielding a 237 

εC of -0.8 ± 0.1‰ and εH of -14 ± 1‰. In the degradation experiment UV/H2O2_2, 85% 238 

TBP was depleted in 72.5 h, resulting in a εC of -0.6 ± 0.3‰ and εH of -13 ± 3‰. In the 239 

degradation experiment UV/H2O2_3, 93% TBP was transformed within 385 h, and an εC of 240 

-0.6 ± 0.2‰ and εH of -17 ± 7‰ were obtained. In the control experiment without H2O2 241 

employing the conditions used in UV/H2O2_1, no significant change of the TBP 242 

concentration was observed (Fig.S2 d), suggesting that direct photolysis did not take place 243 

during these experiments.  244 

3.5 Analysis of transformation products of TBP in the UV/H2O2 experiment 245 

Three potential transformation products were tentatively characterized as 246 

di-n-butylphosphate (P1), keto-tri-butylphosphate (P2), and hydroxy-tri-butylphosphate (P3) 247 

(Table S1 and Fig. S3). The detailed information of characterized transformation products 248 

is given in the SI, section 7. The precise position of the hydroxyl or keto group at the side 249 

chain of the TBP molecule could not be confirmed, however, it is likely that the functional 250 

group is formed by radical attack at the sub-terminal carbon of the butyl chain. 251 

3.6 Two dimensional isotope fractionation (C-H) 252 

In order to explore the diagnostic potential of two dimensional isotope fractionation 253 

analysis, the hydrogen and carbon isotope fractionation were plotted to obtain  values 254 

(               , ∆13C = δt
13

C-δ0
13C, ∆2H = δt

2
H-δ0

2
H). However, due to the absence of 255 

hydrogen isotope fractionation  could not be defined for hydrolysis. In contrast, the 256 

radical oxidation of TBP under pH7/KPS, pH9/KPS and pH12/KPS conditions resulted in 257 

 values of 17 ± 1, 23 ± 1, 19 ± 1, respectively (Table 1). The reactions of TBP by 258 
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UV/H2O2 (dominant 
•
OH reaction, described in SI, section 5) yielded an average  value of 259 

20 ± 4 (Table 1), which is statistically identical with the ones obtained from KPS oxidation 260 

experiments. The two dimensional isotope fractionation analysis of all radical oxidation 261 

experiments including SO4
•–

 and 
•
OH gave an average  value of 20 ± 4 (Table 1). 262 

4. Discussion 263 

4.1 Insight of the isotope fractionation during hydrolysis 264 

A previous study proposed two hydrolysis pathways of organophosphorus compounds (OPs) 265 

(Fig. 3a,b): the first one is OH
–
 or H2O attacks the phosphorus atom; the second one is H2O 266 

attacks the carbon atom (Wu et al., 2006). The acid-catalysed hydrolysis of esters mainly 267 

proceeds via an AAC2 mechanism suggesting an acyl-oxygen fission (AC) in a bimolecular 268 

reaction (Day and Ingold, 1941). For instance, under acidic and neutral conditions, 269 

trimethyl phosphate may lead to a C–O bond split as demonstrated in experiments with 270 

18
O-labelled water as indicator (Blumenthal and Herbert, 1945). Consequently, the C-O 271 

bond cleavage leads to carbon isotope fractionation of TBP. At high pH (e.g., pH >10), OH
–
 272 

attacks the phosphorus atom through simple nucleophile displacement (SN2-type) leading 273 

to a P–O bond cleavage (Wanamaker et al., 2013). The reaction may proceed via a two-step 274 

addition-elimination pathway involving a pentacoordinate intermediate, such as TS1 and 275 

TS2 (Fig. 3b) (Kirby et al., 2013). The observed negligible carbon and hydrogen isotope 276 

fractionation of TBP at pH 12 highly supports a P–O bond split.  277 

At pH 9, the observed carbon isotope fractionation of TBP provided evidence for a C–O 278 

bond split. However, the εC value at pH 9 was lower than that of pH 2 and pH 7. The same 279 

phenomenon was observed during methyl parathion and ethyl parathion hydrolysis (Wu et 280 

al., 2018a). Given that hydrolysis of OPs is pH dependent, no precise pH boundary can be 281 
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used for the identification of C–O or P–O bond split. The two major degradation pathways 282 

occurred simultaneously at pH 9. The P–O bond cleavage is not associated with carbon 283 

isotope fractionation, and thus carbon isotope fractionation can be solely attributed to the 284 

splitting of the C–O bond. Considering that the carbon fractionation observed in 285 

experiments for acid hydrolysis (pH 2) and alkaline hydrolysis (pH 12) are representative 286 

for the mechanism for C–O and P–O bond split respectively, and both processes follow the 287 

first-order kinetics, Eq. [4] can be applied for the calculation of the contribution of the two 288 

pathways acting during the hydrolysis at pH 9. The carbon isotope enrichment factors of 289 

hydrolysis at pH 2 (ε1 = -3.8 ± 0.3‰) and the ε2 value of 0‰ representing hydrolysis at pH 290 

12 were used for calculation. Within the uncertainty of isotope enrichment factors observed 291 

in the experiments, the enrichment factor of TBP at pH 9 (εi = -2.8±0.1‰) suggests that 292 

67–80% of TBP was hydrolysed via the C–O bond cleavage pathway, and the remaining 293 

20–33% was attributed to the P–O bond split. The mechanism of acidic and neutral 294 

hydrolysis is almost identical, and the calculation is also valid for comparing contributions 295 

at neutral conditions.  296 

For testing the hypothesis of the degradation mechanisms the AKIE values were compared 297 

to intrinsic KIE reactions. For TBP hydrolysis, AKIEC (calculation is described in SI, 298 

section 6) ranged from 1.048 to 1.058, which is in line with the intrinsic KIE values of 299 

nucleophilic substitution (1.03–1.09; SN2 type on C–O bond) (Paneth et al., 1992), 300 

supporting the conclusion of C–O bond cleavage during TBP hydrolysis. 301 

4.2 pH-dependency of radical oxidation  302 

In this study, either SO4
•–

 or 
•
OH was involved in persulfate oxidation, which is a 303 



15 

 

pH-dependent reaction. Once SO4
•–

 was generated by S2O8
2-

 scission, it could propagate a 304 

chain of reactions involving the formation of other reactive species. SO4
•–

 can react with 305 

water at all pH levels, forming 
•
OH (Eq. [S1]) (Neta et al., 1988; Herrmann et al., 1995). 306 

With the increase of pH, SO4
•–

 preferentially reacts with OH
–
 forming 

•
OH with an 307 

increasing rate constant (Eq. [S2]) (Neta et al., 1988; Herrmann et al., 1995). Hence, at low 308 

pH (i.e. pH 7), SO4
•–

 is the predominant reactive species, whereas at pH 9, both SO4
•–

 and 309 

•
OH could coexist and at pH 12, 

•
OH is predominant (Liang and Su, 2009). Considering 310 

both radical species can be quenched to some extent by the PO4
3-

 and CO3
2-

 components in 311 

the buffer, the contributions of secondary radicals formed during the reaction and 312 

subsequent reaction with TBP were taken into account and the contributions were estimated 313 

to be minor (description in SI, section 5). 314 

During radical oxidation of TBP, the rate constants have the following order: pH 7 > pH 9 > 315 

pH 12 (Table 1), demonstrating that the reaction can be retarded by increasing pH. The rate 316 

constants are associated with the reactivity of the radicals as SO4
•–

 has a stronger redox 317 

potential than 
•
OH (Buxton et al., 1988; Neta et al., 1988), and thus may result in larger 318 

kinetic rate constants. The TBP oxidation by KPS at pH 12 had a 5 times larger rate 319 

constant compared to the hydrolysis at pH 12 (Table 1) suggesting that radical oxidation 320 

was dominating the degradation reaction. Nevertheless, two degradation processes 321 

co-existed in the degradation of TBP in the pH12/KPS system, namely, radical oxidation 322 

and alkaline hydrolysis. The contribution of alkaline hydrolysis on the TBP degradation 323 

was 35% based on the control experiment without the addition of KPS (Fig. S2). 324 

4.3 Insight of isotope fractionation during 
•
OH and SO4

•–
 reaction with TBP 325 

•
OH which can be generated by H2O2 under UV irradiation has a high tendency to react 326 

non-selectively on functional groups via electron transfer, hydrogen abstraction or 327 

electrophilic/radical addition (Buxton et al., 1988). The transformation products formed in 328 
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the UV/H2O2 reaction with TBP were tentatively identified as keto and hydroxylated 329 

derivatives (Table S1), suggesting a hydrogen abstraction from the alkyl chain at 330 

sub-terminal positions. This suggests a formation of a radical at the side chain which is 331 

quenched by oxygen forming a meta stable intermediate radical followed by a Russell 332 

mechanism (Russell, 1957) to form keto and hydroxyl TBP (Fig. 3c). In subsequent steps 333 

further reactions may lead to the formation of dibutyl phosphate. The hydrogen abstraction 334 

mechanism will lead to 
2
H and 

13
C isotope fractionation of TBP. Alternatively, radical 335 

addition, for example 
•
OH addition to the central phosphorus atom, may form a 336 

(C4H9O)3PO
•
OH radical leading to elimination of butanol and resulting in dibutyl 337 

phosphate (Fig. 3c). However, 
•
OH addition to phosphate will lead to P-O cleavage and is 338 

unlikely to induce 
2
H and 

13
C isotope fractionation. Similar mechanisms have been 339 

observed in previous studies during the 
•
OH reaction with tri-(2chloroethyl) phosphate (Wu 340 

et al., 2018a) and dimethyl phenylphosphonate (Oh et al., 2003). According to the reaction 341 

mechanisms of SO4
•–

 and tri-(2chloroethyl) phosphate, SO4
•–

 was reported to react with 342 

phosphorus and carbon atoms, thereby causing a P–O and C–H bond split (Ou et al., 2017). 343 

Similarly, two pathways were proposed to be involved in TBP oxidation induced by SO4
•–

. 344 

One pathway involves the addition to the phosphorus centre and rupturing of 345 

–OCH2CH2CH2CH3 chains and the other one involves the addition to the –CH2– moieties 346 

causing the C–H bond split.  347 

The radical reaction with the alkane side chain at the sub-terminal position cleaving a C-H 348 

bond in the transition state leads to 
2
H and 

13
C isotope fractionation. The observed 

2
H and 349 

13
C isotope fractionation in our experiments showed that this pathway took place during 350 

radical oxidation of TBP by 
•
OH and SO4

•–
. The obtained εC and εH at pH7/KPS (SO4

•–
 351 

dominating) and pH9/KPS (SO4
•–

 and 
•
OH co-existing) were very similar with the ones 352 

from UV/H2O2 (pure 
•
OH) (Table 1). The slightly smaller εC of -0.5±0.1‰ and εH of -11±1‰ 353 
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at pH12/KPS (
•
OH dominating) is due to the effect of alkaline hydrolysis of TBP at pH 12. 354 

Considering 35% of TBP degradation was contributed by alkaline hydrolysis (process 1) at 355 

pH12/KPS (Fig. S2), the ε associated with the 
•
OH oxidation process (process 2) can be 356 

estimated using Eq. (4) where F = 0.35, εi = -0.5±0.1‰ for carbon and -11±1‰ for 357 

hydrogen, ε1 = 0‰. Thus, ε2 was calculated to be -0.8±0.2‰ for carbon and -17±2‰ for 358 

hydrogen, which were identical with the ones obtained from radical oxidation of TBP at 359 

pH7/KPS, pH9/KPS and UV/H2O2 conditions (Table 1). The average values of εC = 360 

-0.7±0.1‰, εH = -16±3‰, and Λ = 20±4 calculated from all individual radical oxidation 361 

experiments suggest that SO4
•–

 and 
•
OH radical oxidation processes of TBP could not be 362 

distinguished based on isotope enrichment factors within the uncertainty of our results, and 363 

it may suggest that both reaction processes had similar mechanisms of attacking carbon 364 

atoms and cleaving C–H bonds. However, P–O bond splitting cannot be characterized by 365 

the 
2
H and 

13
C isotope fractionation of TBP in this study, therefore, 

2
H and 

13
C isotope 366 

fractionation studies cannot provide direct evidence to evaluate the process of P–O bond 367 

cleavage. 368 

The AKIEC which ranged from 1.007 to 1.011 for all radical oxidation experiments (Table 369 

1) is consistent with those reported for n-alkanes’ chemical transformation (1.01–1.02) 370 

(Bouchard et al., 2008) and lower than the Streitwieser Limits for a C–H bond (1.021) 371 

cleavage (Elsner et al., 2005). A series of studies yield AKIEH values between 2–23 that are 372 

typical for H-bond cleavage (Elsner et al., 2005). The AKIEH values reported in this study 373 

were lower and ranged from 1.608 to 2.174, indicating that steps other than the C–H bond 374 

cleavage were also rate-determining for radical oxidation of TBP. Potentially a radical 375 

reaction at the phosphate moiety may contribute to TBP degradation (Fig.3c 2) but do not 376 

contribute to 
2
H and 

13
C isotope fractionation. This may explain why the calculated AKIE 377 

values are lower than those typically expected for C-H bond cleavage. In our case the 378 
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calculated AKIE values do not describe the KIE of the C-H bond cleavage at the side chain 379 

of TBP because the overall transformation reaction has a contribution of OH addition to the 380 

phosphate. However our current data do not allow validating this hypothesis in more detail. 381 

4.4 Identification of degradation pathways by 2D-plot to analyse  values  382 

The SO4
•–

 and 
•
OH resulted in a characteristic isotope fractionation pattern ( values) for 383 

radical oxidation reactions of TBP. As hydrolysis did not lead to primary hydrogen isotope 384 

effects, hydrolysis and radical oxidation of TBP can be clearly distinguished by the 385 

correlation of 
2
H and 

13
C fractionation (Fig. 4). Similar results have been reported for 386 

radical oxidation of tris(2-chloroethyl) phosphate by 
•
OH formed in Fenton reactions and 387 

UV/H2O2 (Wu et al., 2018a). However, considering the obtained identical  values (section 388 

3.5), the  values do not allow for separating the mechanisms of SO4
•–

 and 
•
OH reactions 389 

with TBP. The  values are not affected when non-isotope-fractionating processes such as 390 

alkaline hydrolysis are influencing overall degradation, showing that mechanisms can also 391 

be identified when non-isotope-fractionating processes are at work. This may imply that the 392 

extent of isotope fractionation can be used for the assessment of radical reactions and may 393 

allow for the selection of an isotope enrichment factor representative for radical reactions. 394 

This isotope enrichment factor could then be used to calculate the contribution of 395 

degradation of TBP by radical reactions to the overall degradation in the environment. For 396 

example the hydrogen enrichment factor could be used to quantify the contribution of 397 

radical reactions because hydrolysis does not exhibit 
2
H fractionation. The 

2
H and 

13
C 398 

isotope fractionation pattern of parathion has been used at an industrial dumpsite to 399 

characterise the contribution of neutral and acidic hydrolysis of parathion in a remediation 400 

measure (Wu et al., 2018b). Similarly, the  values determined throughout the current 401 

study could be used in the future to characterise degradation reaction in field studies for 402 
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quantifying hydrolysis or chemical oxidation reactions. Further information for 403 

quantification of degradation reactions in the environment using enrichment factors have 404 

been summarised previously (Thullner et al., 2012). 405 

5. Conclusions 406 

In this study, the carbon and hydrogen isotope fractionation caused by hydrolysis and 407 

radical oxidation of TBP were systematically examined at different pH conditions. The 408 

AKIEC of the hydrolysis under neutral and acidic conditions was 1.048 - 1.058, which was 409 

consistent with an SN2-type displacement reaction cleaving the C-O bond. At pH 12, a 410 

SN2-type nucleophilic displacement reaction cleaving the P-O bond was characterized by 411 

the absence of carbon and hydrogen isotope fractionation. During hydrolysis at pH 9, the 412 

SN2-type displacement reaction cleaving the C-O bond affects the carbon isotope 413 

fractionation and contributes to 67 - 80% of the overall reaction. The radical oxidation of 414 

TBP results in AKIEC and AKIEH of 1.007 – 1.011 and 1.608 - 2.174, respectively, which is 415 

consistent with a major contribution of a C-H bond cleavage. The correlation of 
2
H and 

13
C 416 

isotope fractionation of TBP allows identifying radical reactions and distinguishing radical 417 

reactions from hydrolysis.  418 
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Table 1. Pseudo-first order kinetic rate constants (kobs), isotope enrichment factors (ε), AKIE and Λ values obtained from the hydrolysis and the radical oxidation of TBP at different 

pH. 

Conditions 

kobs 

(×10
-3

h
-1

) 

Temp. 
0
C 

TBP:oxidant 

molar ratio 

Major  

radicals 

∆δ13
C

h
 

(‰) 
∆δ2

H
h
 

(‰) εC(‰)  R
2

C εH(‰)  R
2
H 

 

AKIEC 

 

AKIEH Λ R
2
Λ 

Hydrolysis         

pH 2 2.0±0.3
 a
 80   9.1  -3.8±0.3 0.990 n.d.

b
  1.048±0.004  n.c.

c
 n.d.  

pH 7 1.8±0.2 80   9.9  -4.6±0.5 0.990 n.d.  1.058±0.007  n.c. n.d.  

pH 9 4.0±0.5 80   8.3  -2.8±0.1 0.997 n.d.  n.c. n.c. n.d.  

pH 12 1.1±0.2 35     n.d. n.d.  n.c. n.c. n.d.  

Radical oxidation               

pH7/KPS 10.4±0.4 35 1:20 SO4•- 2.7 52 -0.9±0.1 0.986 -16±2 0.987 1.011±0.001  1.761±0.167  17±1 0.996 

pH9/KPS 8.8±1.1 35 1:20 SO4•-,•OH 2.1 51 -0.8±0.1 0.989 -20±2 0.991 1.010±0.001  2.174±0.255  23±1 0.990 

pH12/KPS 5.5±0.3 35 1:20 •OH 1.1 21 -0.5±0.1 0.980 -11±1 0.993 n.c. n.c. 19±1 0.991 
d
pH7/UV/H2O2_1 474.2±11.4 20 1:5 •OH 2.4 38 -0.8±0.1 0.995 -14±1 0.993 1.010±0.001  1.608±0.070  17±1 0.996 

e
pH7/UV/H2O2_2 27.9±2.4 15 1:5 •OH 1.3 23 -0.6±0.3 0.928 -13±3 0.985 1.007±0.004  1.610±0.209 19±7 0.956 

e
pH7/UV/H2O2_3 6.8±0.5 15 1:5 •OH 1.6 40 -0.6±0.2 0.972 -17±7 0.983 1.007±0.001  1.761±0.418  25±6 0.994 

f
pH7/UV/H2O2_ave.       -0.7±0.1

e
  -15±2

e
    20±4

e
  

g
average       -0.7±0.1

f
  -16±3

f
    20±4

f
  

a: “±” indicates the 95% confidence interval;   b: “n.d.” is short for not detected;     c: “n.c.” is short for not calculated;      

d-e: the distance between the photo-reactor and light source was 13 cm and 22 cm, respectively; 

f: average values of ε and Λ for UV/H2O2 experiment, calculating from the three individual UV/H2O2 experiments; 

g: average values of ε and Λ for radical oxidation of TBP, calculating from all individual radical oxidation experiments expect pH 12/KPS. 

h: isotope shifts of the δ13C and δ2
H values from the first and last sampling points during the degradation period. 
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 2 

Fig. 1: TBP degradation via hydrolysis at (a) pH 2, (b) pH 7, (c) pH9, and (d) pH 12. 3 

Changes in concentrations (Ct/C0, black squares) are correlated with the changes of the 4 

carbon (δ13C, red triangles) and hydrogen isotope ratios (δ2
H, blue circles).   5 
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Figure
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 8 

 9 

Fig. 2: TBP degradation via radical oxidation. Reaction conditions were as follows: (a) 10 

pH7/KPS; (b) pH9/KPS; (c) pH12/KPS; (d) UV/H2O2_1; (e) UV/H2O2_2; (f) 11 

UV/H2O2_3. Changes in concentrations (Ct/C0, black squares) are correlated with 12 

changes of the carbon (δ13C, red triangles) and hydrogen isotope ratios (δ2
H, blue 13 

circles). 14 

 15 
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 17 

 18 

Fig. 3: Proposed transformation mechanisms of TBP via hydrolysis and radical oxidation. Hydrolysis 19 

of TBP occurs via two pathways: (a) attacked by H2O at the α-carbon with SN2-type substitution at 20 

low pH or (b) attacked by H2O at the P atom with SN2-type substitution at high pH. The latter reaction 21 

is accompanied with two transition states. Three water molecules assisting the hydrolysis reaction by 22 

allowing two proton transfers, via a concerted six-membered cyclic activated complex (TS1) that 23 

includes general base catalysis in the first step and the cleavage of the pentacoordinated intermediate 24 

in the second step (TS2). The radical oxidation by 
•
OH can process via two mechanisms. Both 25 

processes can occur simultaneously: (1). H-abstraction by 
•
OH, followed by an oxygen addition and 26 

finally undergoing the Russell mechanism; (2). the 
•
OH addition formed the (ButO)2POC⋅HC3H7 27 

radical followed by the elimination of butanol. 28 
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 30 

 31 

Fig. 4: Two dimensional isotope plots for TBP degradation via hydrolysis and radical 32 

oxidation.  33 

 34 



Figure captions  1 

Fig. 1. TBP degradation via hydrolysis at different pH. Changes in concentrations 2 

(Ct/C0) are correlated to changes in the carbon (δ13
C) and hydrogen isotope 3 

ratios (δ2
H).  4 

Fig. 2. TBP degradation via radical oxidation. Changes in concentrations (Ct/C0) 5 

are correlated with changes in the carbon (δ13
C) and hydrogen isotope ratios 6 

(δ2
H).  7 

Fig. 3. Proposed transformation mechanisms of TBP via hydrolysis and radical 8 

oxidation. 9 

 10 

Fig. 4. Two dimensional isotope plots for TBP degradation via hydrolysis and 11 

radical oxidation. 12 
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