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ABSTRACT. 22 

The frequent detection of propranolol, a widely used β-blocker, in wastewater effluents and 23 

surface waters has raised serious concern, due to its adverse effects on organisms. 24 

UV/hydrogen peroxide (UV/H2O2) and UV/persulfate (UV/PDS) processes are efficient in 25 

eliminating propranolol in various waters, but the formation of oxidation products in these 26 

processes, as well as the assessment of their toxicity, has not been systematically addressed. 27 

In this study, we identified and compared transformation products of propranolol produced 28 

by hydroxyl radical (•OH) and sulfate radical (SO4
•-). The electrostatic attraction enhances the 29 

reaction between SO4
•- and the protonated form of propranolol, while •OH shows non-30 

selectivity toward both protonated and neutral propranolol species. The hydroxylation of 31 

propranolol by •OH occurs at either amine moiety or naphthalene group while SO4
•- favors 32 

the oxidation of the electron-rich naphthalene group. Further oxidation by •OH and SO4
•- 33 

results in ring-opening products. Bicarbonate and chloride exert no effect on propranolol 34 

degradation. The generation of CO3
•- and Cl-containing radicals is favorable to oxidizing 35 

naphthalene group. The acute toxicity assay of Vibrio fischeri suggests that SO4
•- generates 36 

more toxic products than •OH, while CO3
•- and Cl-containing radicals produce similar 37 

toxicity as SO4
•-. High concentrations of bicarbonate in UV/H2O2 increase the toxicity of 38 

treated solution. 39 

 40 

Keywords: propranolol; hydroxyl radical; sulfate radical; carbonate radical; Cl-containing 41 

radicals; transformation products42 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

- 3 - 

 

Graphical abstract 43 

 44 

45 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

- 4 - 

 

1. Introduction. 46 

As an important class of pharmaceuticals, β-blockers bind to the β-adrenergic receptors 47 

in human body and block the action of epinephrine and norepinephrine, which are used to 48 

treat cardiac malfunctions.(Khetan and Collins 2007) This target effect of β-blockers to fish 49 

with β-adrenergic receptors may exert a similar response to other vertebrates.(Huggett et al. 50 

2002b) β-blockers also exhibit specific nontarget effects on organisms. For example, a 51 

previous study demonstrated that three types of β-blocker could inhibit photosynthesis 52 

efficiency of a green algae (Desmodesmus subspicatus), as echoed by EC50 values of 4.1, 40 53 

and 1335 mg/L for propranolol, metoprolol, and atenolol, respectively.(Escher et al. 2006) 54 

Another study also indicated the influence of propranolol on the steroid level and 55 

reproduction in medaka (Oryzias latipes) with exposure to 0.5 µg/L propranolol.(Huggett et 56 

al. 2002a) These results suggest that propranolol is more toxic to organisms than other β-57 

blockers. The additive effect of propranolol, which extensively exists in β-blockers mixtures, 58 

could contribute to the major toxic potential of overall compounds in the aquatic environment 59 

even at low concentrations.(Cleuvers 2005) Additionally, the growing consumption of 60 

propranolol in medication and its insufficient removal by conventional WWTPs lead to 61 

increasing occurrence of propranolol in surface waters, thereby conceiving substantial 62 

concern of its toxicity to aquatic organisms.(Kostich et al. 2014) (Wang et al. 2015)  63 

Advanced oxidation processes (AOPs) are effective in removal of 64 

pharmaceuticals.(Keen and Linden 2013, Wols and Hofman-Caris 2012, Zhang et al. 2015) 65 

Conventional AOPs typically involve the formation of hydroxyl radicals (•OH) as an 66 

oxidizing species to destruct recalcitrant organic contaminants in drinking water sources and 67 

wastewaters. Recently, sulfate radical-based AOPs have received increasing research 68 

interests, as the rate constants for the reaction of sulfate radical (SO4
•-) with many organic 69 

contaminants are near diffusion-limited rate constants.(Neta et al. 1988) Compared to •OH, 70 
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the benefit of SO4
•- is its less reactivity to scavengers like bicarbonate and dissolved organic 71 

carbon (DOC), which substantially decrease the efficiency of •OH-based AOPs through 72 

consuming a large portion of •OH.(Buxton et al. 1988, Yang et al. 2015) The presence of 73 

bicarbonate and halides at high concentrations becomes important scavengers of •OH and 74 

SO4
•- to generate daughter reactive species. Unlike •OH, SO4

•- favors the conversion of 75 

halides to halogen reactive species at neutral pH.(Anipsitakis et al. 2006, Yang et al. 2014) 76 

The modeling results showed that inorganic radical concentrations in many wastewaters 77 

exceeded those of •OH and SO4
•-, especially for CO3

•-, by several orders of 78 

magnitude.(Grebel et al. 2010, Yang et al. 2014, Zhang et al. 2015) Some halogen reactive 79 

species (e.g., Cl2
•-) and CO3

•- are more selective oxidants than •OH and SO4
•-, but they are 80 

capable of oxidizing some organic contaminants.(Beitz et al. 1998, Canonica et al. 2005, 81 

Hasegawa and Neta 1978) For instance, our previous results indicated higher reactivity of 82 

CO3
•- and halogen reactive species toward propranolol, which led to efficient removal of 83 

propranolol by AOPs in various waters.(Yang et al. 2016)  84 

The transformation of propranolol and its product formation by •OH-based AOPs (e.g., 85 

ozone or photocatalytic by TiO2) have been well documented, where hydroxylation and ring-86 

opening are the major reaction pathways.(Benner and Ternes 2009, Santiago-Morales et al. 87 

2013, Song et al. 2008) Nevertheless, little study has investigated the transformation of 88 

propranolol by SO4
•--based AOPs. The different reactivity between •OH and SO4

•- in the 89 

formation and the yield of different products have been demonstrated in the transformation of 90 

diclofenac and sulfamethoxazole.(Mahdi Ahmed et al. 2012, Yang et al. 2017, Yu et al. 2013) 91 

In these cases, SO4
•- reacts with amine moieties to form corresponding hydroxylamine and 92 

nitro moieties, which were not observed in the reaction of •OH. Due to the poor 93 

mineralization in most applied AOPs, the difference in products formation between these two 94 

processes resulted in the discrepancy in toxicity assay.(Yang et al. 2017) Therefore, it is 95 
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critical to provide a fundamental understanding of the transformation of propranolol in these 96 

AOPs, as well as the toxicity of the formed products, thereby facilitating the application of 97 

these AOPs in oxidizing propranolol. 98 

 This study aims to compare the transformation of propranolol by •OH-based or SO4
•--99 

based AOPs. The rate constants for the reaction of •OH and SO4
•- with propranolol are 100 

determined at different pHs. The transformation products are identified to elucidate the 101 

reaction pathways. We for the first time systematically compare the effect of bicarbonate and 102 

chloride on products formation of propranolol in these two AOPs. The efficiency of 103 

propranolol degradation is also evaluated in two authentic water matrices, while reactive 104 

species involved in reactions are predicted by kinetic modeling. Vibrio fisheri is used in 105 

toxicity assay, which is conducted under various operating conditions to evaluate the toxicity 106 

of the products in both AOPs.  107 

 108 

2. Materials and methods. 109 

2.1. Materials.  110 

Propranolol and ammonium acetate were purchased from Sigma-Aldrich. Sodium 111 

perdisulfate (PDS), H2O2 solution (35% w/w), tert-butanol, sodium chloride and sodium 112 

bicarbonate were received from Sinopharm Chemical Reagent Co. Ltd., China. Methanol and 113 

acetic acid in HPLC grade were obtained from Thermo Fisher Scientific, and acetonitrile was 114 

received from Merck. Stock solutions were prepared in deionized (DI) water (18.2 MΩ/cm) 115 

from a Milli-Q purification system (Millipore, Billerica, MA). 116 

2.2. Experimental procedures.  117 

A collimated beam apparatus, consisting of four low-pressure mercury lamp (254 nm, 10 118 

W, GPH212T5L/4, Heraeus) positioned at 30 cm shining down onto a 100 mL crystallization 119 

dish (pathlength = 4.0 cm), was used for photolysis experiments, as described previously.(Liu 120 
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et al. 2015) The incident photonic flux at 254 nm was 1.291 × 10-7 Einstein L-1 s-1, which was 121 

determined by the iodide-iodate chemical actinometer.(Rahn et al. 2003) Except when 122 

otherwise mentioned, the solution contained PDS or H2O2 at 1 mM and propranolol at 20 µM, 123 

and was buffered with 10 mM phosphate. Samples (1 mL) were periodically withdrawn and 124 

supplemented with 20 µL methanol to quench any radical formed by thermolysis of PDS or 125 

H2O2, and kept at 4 °C for further analysis within 12 h. Experiments were conducted at 20 ± 126 

2 °C. 127 

The second-order rate constants of propranolol with •OH and SO4
•- were determined by 128 

competition kinetics. Atrazine was used as a reference compound for •OH and SO4
•- reactions 129 

with k ��
∙

,��� = 2.6 × 109 M-1 s-1 and k	�
∙�,��� = 2.6 × 109 M-1 s-1, respectively.(Yang et al. 130 

2015) Experiments were conducted according to the aforementioned, except that both 131 

propranolol and atrazine were spiked at 5 µM. For the determination of second-order rate 132 

constant with SO4
•-, 10 mM tert-butanol was added to quench •OH in UV/PDS.  133 

Some experiments were conducted using real water samples (i.e., surface water and 134 

groundwater) from two drinking water treatment plants. These water samples were filtered 135 

through a glass fiber filter (0.7 µm, Whatman) and stored at 4°C. The surface water sample 136 

had a low DOC and low alkalinity (DOC 3.8 mg/L, alkalinity 0.2 mM, [Cl-] = 5.2 mg/L, pH 137 

7.2), while the groundwater sample has relatively higher DOC and alkalinity (DOC 6.9 mg/L, 138 

alkalinity 8.0 mM, [Cl-] = 7.2 mg/L, pH 7.6). Water samples were buffered using 2 mM 139 

phosphate. All experiments were conducted in duplicate, and the average values and standard 140 

deviations were presented. 141 

2.3. Determination of rate constants for the reactions of propranolol with •OH and SO4
•-.  142 

The degradation rate of propranolol by direct photolysis was negligible at pH range of 143 

8–11 in UV/H2O2 and UV/PDS (Supplementary data, Fig. S1). To evaluate the specific rate 144 

constants for the reactions of •OH and SO4
•- with the protonated and the neutral form of 145 
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propranolol, the apparent rate constants (
app, OH

k •  and -
4app,SO

k • ) were determined using 146 

competition kinetics at pH ranging from 8 to 11, according to the methods described in Text 147 

S1. The initial rate of propranolol and atrazine degradation (degraded fraction of each 148 

compound < 20%) was used for calculation to circumvent the competitive effect of their 149 

products. The measured 
app, OH

k •  and -
4app,SO

k •  can be expressed as incorporating acid-base 150 

speciation of propranolol: 151 

2 2
SHapp, OH SH SH , OH SH, OH

k k k• + + • •= α + α                 (1) 152 

- - -
4 2 2 4 4

SHapp,SO SH SH ,SO SH,SO
k k k• + + • •= α + α                 (2) 153 

where 
2SH+α  and SHα  are the equilibrium distribution coefficients of protonated (SH2

+) and 154 

neutral (SH) forms at a given pH, respectively, and calculated from acidity constant pKa 155 

9.5.(Benner and Ternes 2009) 
2SH , OH

k + • , SH, OH
k • , -

2 4SH ,SO
k + • and -

4SH,SO
k •  are the second-order 156 

rate constants for the reactions of •OH and SO4
•- with protonated and neutral forms, 157 

respectively. The specific rate constants were calculated through nonlinear regression of 158 

experimental data. 159 

2.4. Analytical methods. 160 

Propranolol and atrazine were analyzed by a Waters 1525 HPLC with a Waters 2487 161 

dual λ detector. Chromatographic separations were performed using a Waters Symmetry C18 162 

column (150 mm × 4.6 mm, 5 µm). The concentrations of propranolol and atrazine were 163 

quantified at λ = 285 nm and λ = 260 nm, respectively, with an eluent of 0.1% acetic acid and 164 

methanol with a ratio of 30:70 (v/v) at a flow rate of 1 mL/min.  165 

Identification of products of propranolol was performed through molecular mass, which 166 

was determined by a triple quadrupole TOF mass spectrometer (Triple TOF 5600, AB Sciex) 167 

coupled with the Ekspert ultralLC110. A Poroshell 120 EC-C18 column (50 mm × 3.0 mm, 168 
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2.7 µm) was used as chromatographic separation. Accurate MS and MS/MS patterns of 169 

propranolol and its transformation products were analyzed in both positive and negative 170 

electrospray ionization (ESI) modes. The experimental conditions of chromatographic 171 

separation and instrumental parameters for HPLC/ Triple TOF are provided in Text S2.  172 

2.5. Kinetic simulations in water samples. 173 

Kinetic modeling of radical concentration for UV/H2O2 and UV/PDS processes in two 174 

authentic waters was performed using a computer program, Kintecus V6.01.(Ianni 2016) 175 

Over one hundred rate constants of elementary reactions were obtained from the literature 176 

(Table S3).(Das et al. 1999, Yang et al. 2014, 2016) Due to the lack of sufficient rate 177 

constants of many radicals with propranolol, the modeling only took into account the effects 178 

of chloride, bicarbonate, and DOC. 179 

2.6. Toxicity analysis. 180 

The acute toxicity assay was carried out by measuring the decrease in the 181 

bioluminescence of Vibrio fischeri.(Fernández-Alba et al. 2002, Wu et al. 2016, Yang et al. 182 

2017) The measurements were performed using a Promega GloMax®-Multi Jr. The 183 

luminescent intensity was determined to calculate the inhibition after 30 min. 184 

 185 

3. Results and discussions. 186 

3.1. Oxidation kinetics of the reaction of propranolol with •OH and SO4
•-.  187 

The phototransformation quantum yield Φ254 of propranolol was determined to be 8.93 × 188 

10-3 at pH 8.3 in our previous study.(Yang et al. 2017) The molar absorption and quantum 189 

yield of propranolol were not varied with pH. The photophysical property of propranolol was 190 

attributed to the chromophore structure of naphthalene group, which was unlikely affected by 191 

pH.(Liu and Williams 2007, Sortino et al. 2002) 192 

The reaction rate constant of propranolol with •OH (
app, OH

k • ) was independent of pH 193 
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from 8 to 11 (Fig. 1A), indicating that •OH exhibited comparable reactivity to both neutral 194 

and anionic forms of propranolol. Therefore, the same value of 
2SH , OH

k + • and SH, OH
k •  were 195 

suggested here and determined to be (1.26 ± 0.10) × 1010 M-1
 s

-1, which was consistent with 196 

the value of (1.07 ± 0.02) × 1010 M-1
 s

-1 reported in radiolysis experiments.(Song et al. 2008) 197 

This value is also comparable to the rate constants determined for the reaction of •OH with 198 

naphthalene (9–12 × 109 M-1
 s

-1).(Buxton et al. 1988) These results indicated that the reaction 199 

of •OH with naphthalene group was predominant, with minimal contribution from the side 200 

chain group. 201 

Sulfate radical is an electrophile so that a faster rate constant for the reaction of SO4
•- 202 

with the neutral form of propranolol is expected. However, a continuous decrease in -
4app,SO

k •  203 

with increasing pH from 8 to 11 was observed in Fig. 1B, where -
2 4SH ,SO

k + • and -
4SH,SO

k •  was 204 

determined to be (3.21 ± 0.08) × 1010 M-1
 s

-1 and (1.39 ± 0.10) × 1010 M-1
 s

-1, respectively. 205 

Steenken et al. reported that the second-order rate constant for SO4
•- with naphthalene is 2.9 × 206 

109 M-1
 s

-1.(Steenken et al. 1990) The higher rate constant for propranolol may be ascribed to 207 

the following two aspects. Due to the electrophilicity of SO4
•-, electron-donating substituents 208 

like methoxy or hydroxy groups can cause a significant increase in rate constants, which has 209 

been demonstrated for substituted benzenes and benzoate ions.(Neta et al. 1977) Therefore, 210 

naphthalene substituted by alkoxy group ((CH3)2CNHCH2CH(OH)CH2O–) increases the 211 

reactivity of the naphthalene moiety with SO4
•-. Additionally, we noticed that these two 212 

values approached the diffusion-controlled limit, suggesting that the difference between the 213 

expected and the experimental data was likely resulted from the electrostatic attraction 214 

between the negatively charged SO4
•- and the positively charged protonation form of 215 

propranolol. A previous study also reported that the electrostatic repulsion between SO4
•- 216 

with the anionic form of organic compounds resulted in lower reaction rate constants than 217 
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with the neutral form.(Neta et al. 1977) 218 

3.2. Effect of bicarbonate. 219 

Bicarbonate is an important scavenger of •OH and SO4
•- in the aqueous phase to form 220 

carbonate radical (CO3
•-) (reactions 3 and 4).(Anastasio and Matthew 2006, Grebel et al. 221 

2010, Yang et al. 2014) Fig. 2 exhibits the effect of bicarbonate on the degradation of 222 

propranolol in UV/H2O2 and UV/PDS. No difference in propranolol degradation for 223 

UV/H2O2 was observed as the increase of bicarbonate concentration up to 500 mM. The 224 

presence of 5 and 50 mM bicarbonate in UV/PDS showed negligible impact on propranolol 225 

degradation kinetics as well, while a marginal decline was observed with the addition of 500 226 

mM bicarbonate. Based on the calculation, 94.5% of •OH and 70% of SO4
•- were scavenged 227 

by 500 mM bicarbonate respectively to form CO3
•-. Lian et al. reported that the rate constant 228 

for the reaction of CO3
•- with propranolol was 1.42 × 107 M-1 s-1.(Lian et al. 2017) Although 229 

this rate constant is three orders of magnitude lower than those for reaction with •OH and 230 

SO4
•-, the concentration of CO3

•- appeared to be high enough to fully compensate for the 231 

decreased contribution of •OH and SO4
•- to the degradation of propranolol.  232 

3 3 2HCO + OH CO H O− −→ +� �        k = 8.5 × 106 M-1 s-1             (3) 233 

3 4 3 4HCO +SO CO HSO− − − −→ +� �      k = 2.8 × 106 M-1 s-1              (4) 234 

3.3. Effect of chloride. 235 

Chloride is widely present in drinking water and wastewater with various concentrations. 236 

The reaction of •OH and SO4
•- with Cl- generates reactive Cl-containing radicals (e.g., Cl•, 237 

Cl2
•- and ClOH•-). Kinetic modeling in previous studies demonstrated different formation 238 

pathways of reactive Cl-containing radicals in UV/H2O2 and UV/PDS (Grebel et al. 2010, 239 

Yang et al. 2014). The reaction of •OH with Cl- has a fast rate constant of reverse reaction 240 

(reaction 5), where Cl• forms at low pH (reaction 6).(Yang et al. 2014) In contrast, the fast 241 

reaction between SO4
•- and Cl- forms Cl• directly (reaction 7), which can further react with 242 
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Cl- to form other Cl-containing radicals. Since the reaction of •OH with Cl- was negligible in 243 

UV/H2O2 at pH 8, (Yang et al. 2016) the effect of Cl- was only investigated in UV/PDS.  244 

2Cl + OH ClOH H O− −→ +� �        kfor = 4.3 × 109 M-1 s-1; krev = 6.1 × 109 M-1 s-1             (5) 245 

2ClOH +H Cl H O− + → +� �           kfor = 2.1 × 1010 M-1 s-1            (6) 246 

2
4 4Cl +SO Cl SO− − −→ +� �              kfor = 3.0 × 108 M-1 s-1              (7) 247 

No significant inhibition of propranolol degradation was observed with Cl- concentration 248 

ranging from 0.1 to 100 mM. In the presence of 100 mM Cl-, 98% of SO4
•- was scavenged, 249 

where Cl-containing radicals were the predominant pathway of propranolol degradation. Cl• 250 

and Cl2
•- radicals are strong oxidants (E(Cl•/Cl-) = 2.4 V and E(Cl2

•-/2Cl-) = 2.0 V)(Martire et 251 

al. 2001) and likely to react with organic compounds.(Hasegawa and Neta 1978) The second-252 

order rate constants for the reaction of Cl• with organic compounds were reported comparably 253 

to those of •OH and SO4
•-.(NIST) Although Cl2

•- was more selective than •OH and SO4
•- (rate 254 

constants of 105–109 M-1 s-1),(NIST) the concentration of Cl2
•- could exceed those of •OH and 255 

SO4
•- by several orders of magnitude,(Yang et al. 2016) which contributed to the degradation 256 

of propranolol. 257 

3.4. Identification of transformation products. 258 

Eleven transformation products (TPs) belonging to nine nominal masses were detected 259 

and identified using ESI-TOF-MS. The accurate m/z values are provided in Table 1. The 260 

product ion spectra and the fragmentation pathways of propranolol ([M + H]+ = 260.1649) 261 

were illustrated in Fig. S2. The m/z 183 fragment ion was resulted from the loss of 262 

isopropene, ammonia and water. Fragment ions m/z 155 and m/z 157 corresponded to the 263 

cleavage on the side chain and rearrangement of the C–O moiety, which exhibited an 264 

unchanged naphthalene group. The m/z 116, 98 and 74 fragment ions were formed by the 265 

different cleavages of the side chain. These characteristic fragments of propranolol were 266 

important for the comparison with the spectra of TPs as they provide information on the 267 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

- 13 - 

 

status of functional groups after oxidation. For structural elucidation, the fragmentation 268 

pathways of TPs were investigated by performing product ion scans, which were provided in 269 

Fig. S3–S13. 270 

3.4.1. Hydroxyl radical. 271 

Hydroxylation. Due to the negligible degradation of propranolol by direct photolysis, all 272 

the nine TPs detected in UV/H2O2 were ascribed to the oxidation by •OH. The observation of 273 

two isomers of TP 275 ([M + H]+ = 276.1594) was owing to the addition of one oxygen atom 274 

to propranolol molecule. The product ion scan of TP 275-1 showing two sequential loss of 275 

water (fragment ions m/z 258 and 240) could signify two hydroxyl moieties, which were 276 

present next to a removable proton. This result implied that amine moiety was likely 277 

hydroxylated to form a hydroxylamine product. The fragment ion m/z 173 of TP 275-2 was 278 

formed through hydroxylation on naphthalene group of m/z 157, thereby indicating the 279 

oxidation of the naphthalene group on propranolol. The occurrence of m/z 116 and 98 280 

fragment ions provided further support on the proposed fragment pathway. The difference in 281 

molecular weight of propranolol and TP 291-1 ([M + H]+ = 292.1543) was 32 Da, 282 

corresponding to the addition of two oxygen atoms. The loss of 60 Da (i.e., 18 + 42 Da) 283 

suggested the cleavage of water and isopropyl moiety. Double hydroxylation on the ring was 284 

supported by the fragment ion m/z 175, corresponding to the cleavage of C–O moiety and 285 

two hydroxylated groups on the ring.  286 

Ring-opening. Several peaks with a nominal mass of 307 Da were observed. TP 307 ([M 287 

+ H]+ = 308.1492) was resulted from the addition of three oxygen atoms (+48 Da) to 288 

propranolol. The product ion scan showing two sequential loss of water (fragment ions m/z 289 

290 and 272) signified that two hydroxyl moieties were present next to a removable proton, 290 

implying one hydroxylation on the side chain. Hydroxylation next to either ethoxy group or 291 

amine moiety would cause an unstable hemiaminal.(Benner and Ternes 2009) Hence, the 292 
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amine moiety was likely hydroxylated, thus leading to the formation of hydroxylamine. The 293 

m/z 175 fragment ion corresponded to the addition of two oxygen atoms on the naphthalene 294 

group. The proposed formation of two aldehyde moieties rather than a double hydroxylation 295 

was supported by the fragment ion m/z 131 (175-131=44 Da, loss of CO2). The structure of 296 

TP 281 ([M + H]+ = 282.1336) was also a ring-opening product with the occurrence of m/z 297 

149, indicating the formation of two aldehyde moieties. Only one loss of water (fragment ion 298 

m/z 264) confirmed the hydroxylation of the naphthalene group. TP 293 ([M + H]+ = 299 

294.1700) showed one less double bond than TP 291-1. The unchanged side chain can be 300 

seen by the single loss of water (fragment ion m/z 276). The fragment ions m/z 199 and m/z 301 

173 had quinone-like structure, which derived from dehydration of one aldehyde moiety and 302 

one hydroxyl group in the aromatic structure. TP 309 ([M + H]+ = 310.1649) showed two 303 

isomers. The fragment ion m/z 177 was resulted from the cleavage of the C-O bond, 304 

indicating that the addition of three oxygen atoms took place at the aromatic structure and no 305 

oxidation on the side chain. The second loss of water (fragment ion m/z 274) suggested that 306 

the hydroxyl group on the aromatic structure was present next to a removable proton. The 307 

second hydroxyl group can either occur in a carboxyl moiety or at other positions of the ring. 308 

However, no carboxyl moiety was detected in negative ionization mode. The detection of TP 309 

309 in the positive mode was likely ascribed to a hydroxylation of the ring. The appearance 310 

of fragment ion m/z 114 demonstrated the ring-opening of the naphthalene group at 3,4-311 

position.  312 

Cleavage. The fragment ions m/z 116 and 74 of TP 133 ([M + H]+ = 134.1176) were 313 

formed by the loss of water and isopropyl group, indicating two hydroxyl groups of the 314 

structure. The structure of TP 166 ([M - H]- = 165.0193) was proposed to form two carboxyl 315 

moieties, which was supported by the fragment ion m/z 121 (165-121=44 Da, loss of CO2) 316 

and 77 (121-77=44 Da, loss of CO2).  317 
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3.4.2. Sulfate radical.  318 

Seven TPs detected in UV/PDS were ascribed to the oxidation by SO4
•-, where TP 133, 319 

TP 166, TP 275-2, TP 307 and TP 309 were similar to those in UV/H2O2. TP 273 ([M + H]+ 320 

= 274.1437) corresponded to the addition of one oxygen atom to propranolol molecule with 321 

one more double bond than TP 275. The fragment ion m/z 159 indicated the oxidation of 322 

naphthalene group. A fragment ion m/z 131 was ascribed to a loss of CO of m/z 159. Hence, 323 

the occurrence of double bond most likely took place on the side chain. An isomer of TP 291-324 

1 with different retention time and MS/MS spectra was denoted as TP 291-2. The difference 325 

could be explained by the formation of two aldehyde moieties rather than double 326 

hydroxylation on the ring, which was supported by the occurrence of m/z 131 and 103 327 

through two sequential loss of CO (159-131=28 Da, and 131-103=28 Da). 328 

3.4.3. Carbonate radical and chlorine radicals. 329 

The addition of 50 and 500 mM bicarbonate in UV/H2O2 inhibited the formation of TP 330 

291-1. Neither TP 275-1 nor TP 293 was observed in the presence of 500 mM bicarbonate, 331 

while TP 273 was generated. In such a condition, CO3
•- was the dominant radical. Thus the 332 

formation of TPs was attributed to the oxidation of propranolol by CO3
•-.  333 

For UV/PDS, neither bicarbonate nor low concentration of Cl- affected the formation of 334 

TPs. TP 275-1 appeared at high concentration of Cl-, which was due to the conversion of Cl• 335 

to •OH (see discussion below). TPs generated by CO3
•- and Cl-containing radicals were 336 

similar to those by SO4
•-, indicating that the reaction pathways of propranolol degradation by 337 

SO4
•- occurred for CO3

•- and Cl-containing radicals. 338 

3.5. Proposed transformation pathway. 339 

•OH pathway. •OH attacks the naphthalene group of propranolol to form a carbon-340 

centered radical, which further reacts with oxygen to generate a peroxy radical and 341 

subsequent forms a hydroxylated product (TP 291-1, Scheme 1). The oxidation of this 342 
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product is followed by ring-opening and the formation of aldehyde moieties to produce TP 343 

291-2. •OH attacks the aldehyde moiety, leading to the formation of alcohol or/and carboxyl 344 

group, namely TP 293 and TP 309. Additionally, the double bond is likely attacked by •OH in 345 

the α-position of the aldehyde moiety by cleavage of acetaldehyde to form TP 281. Even 346 

though several isomers of TP 281 were proposed, only one signal was detected. The cleavage 347 

of ether bond on propranolol and its products generates TP 133 and TP166. 348 

SO4
•- pathway. The pKa of propranolol is 9.5, implying lower reactivity of protonated 349 

amine group at pH 8. Due to the electrophilic property of SO4
•-, it favors the oxidation of the 350 

naphthalene group rather than the amine group, which leads to the formation of TP 275-2 351 

rather than TP 275-1 (Scheme 1). The amine moiety could be considered as a secondary 352 

reactive site when the oxidized naphthalene group is less reactive (i.e., TP 307). Hydroxyl as 353 

an electron-donating group on naphthalene facilitates further oxidation on its ortho-position 354 

by SO4
•-, resulting in a ring-opening product (TP 291-2). Alternatively, the less selectivity of 355 

•OH leads to the formation of multi-hydroxyl products (TP 291-1), which may occur on 356 

different benzene rings. The formation of TP 273 is not clear, which may involve dehydration 357 

of the side chain.  358 

CO3
•- and Cl-containing radicals pathway. CO3

•- and Cl2
•- are more selective oxidants 359 

compared with •OH and SO4
•-,(Buxton et al. 1988, Neta et al. 1988, Neta et al. 1977) thus 360 

reacting with organic compounds mainly through electron transfer, which is similar to that of 361 

SO4
•-. Despite the fact that Cl• exhibits high reactivity toward organic compounds, which is 362 

similar to •OH, Cl• could not be considered as a dominant radical in the system. Not only the 363 

faster reverse rate of reaction 5 favors the formation of •OH at neutral pH, but also the excess 364 

Cl- consumes Cl• to form Cl2
•-.  365 

When CO3
•- is the dominant radical in both UV/H2O2 and UV/PDS, the same products 366 

are formed as those by SO4
•-. With a low concentration of Cl- (0.1 mM), most SO4

•- reacts 367 
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with propranolol, while only 4.5% of SO4
•- reacts with Cl- to generate Cl•. Therefore, no 368 

effect was noticed on product formation compared with SO4
•-. As Cl- concentration increased, 369 

the formation of TP 275-1 was observed, which is likely ascribed to the oxidation by either 370 

•OH or Cl•. Previous studies demonstrated that as Cl- concentration varied from 33 to 540 371 

mM, the steady-date concentration of •OH was three to five orders of magnitude higher than 372 

that of Cl•.(Yang et al. 2014, 2016) Since the rate constant of •OH with propranolol is near 373 

the diffusion-controlled limit, •OH is believed to the dominant oxidant contributing to the 374 

degradation of propranolol rather than Cl•, leading to the formation of TP 275-1. 375 

3.6. Oxidation in authentic water matrices.  376 

The degradation of propranolol in groundwater was slightly slower than that in surface 377 

water for both UV/H2O2 and UV/PDS. This opposite effect of bicarbonate in authentic vs. 378 

simulated waters was likely ascribed to the scavenging effect of reactive components in 379 

authentic waters (e.g., DOC). Kinetic modeling of steady-state concentration of radicals in 380 

two authentic water matrices was shown in Table 2. A higher DOC concentration in 381 

groundwater decreased the concentration of radicals except for CO3
•-. Although the 382 

concentration of CO3
•- was one or two orders of magnitude higher than that of •OH or SO4

•- in 383 

groundwater, the rate constant of CO3
•- with propranolol was three orders of magnitude lower 384 

than that of •OH or SO4
•-. Therefore, •OH or SO4

•- was the dominant radical in both 385 

groundwater and surface water, and their relatively low concentration in groundwater reduced 386 

the propranolol degradation rate. As the yield of SO4
•- (1.4) in UV/PDS was higher than that 387 

of •OH (1.0) in UV/H2O2,(Baxendale and Wilson 1957, Mark et al. 1990) the degradation of 388 

propranolol was faster in UV/PDS than that in UV/H2O2 in both water matrices. 389 

Similar products were found in two water matrices (Fig. 4). TP 281 and TP 291-1 were 390 

only observed in UV/H2O2, while TP 275-1 was not detected in any condition. A higher 391 

concentration of CO3
2- inhibited the formation of TP 291-1, confirming that hydroxylation 392 
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was the dominant pathway of •OH. The maximum concentrations of TP 273 and TP 275-2 in 393 

UV/PDS were higher than those in UV/H2O2, consisting with the results in the simulated 394 

waters. The sharp decrease of these two products was observed by UV/PDS in surface water, 395 

although the degradation rate of propranolol in two water matrices was similar. This result 396 

indicates that SO4
•- was a stronger oxidant than CO3

•- to further oxidize these products. 397 

Similar trends of products formation were also noticed for TP 291-2, TP 293, TP 307 and TP 398 

309. The maximum concentrations of TP 293, TP 307 and TP 309 in UV/H2O2 were higher 399 

than those in UV/PDS, while the faster degradations of products were found in surface water 400 

rather than those in groundwater, owing to the further oxidation of products by •OH. The 401 

higher concentration of the cleavage product TP 133 by UV/H2O2 was due to the different 402 

reactivity of •OH and SO4
•- toward the side chain. In groundwater, both TP 166 and TP 291-2 403 

exhibited higher concentration than those in surface water, which was likely attributed to 404 

either the lower reactivity of CO3
•- toward these products, or the oxidation of their precursors 405 

by •OH and SO4
•-. These comparisons between two matrices simulated the formation of 406 

products in real-world applications of these two AOPs. 407 

3.7. Acute toxicity of transformation products in UV-based AOPs. 408 

Microtox assay has been widely employed to determine the acute toxicity of substances 409 

in the environment. A model marine bacterium of Vibrio fischeri was selected herein as an 410 

indicator of toxicity, because it is tolerant to the high concentration of salts used in this study 411 

(100 mM bicarbonate or Cl-). The acute toxicity was expressed by the luminescence 412 

inhibition of Vibrio fischeri in the treatment of propranolol via different procedures (Fig. 5). 413 

L0 was the luminescence of propranolol without treatment, while L was the luminescence of 414 

samples with corresponding treatments and conditions. The acute toxicity was determined by 415 

the ratio of L/L0, where a lower value implies higher acute toxicity, and vice versa. The 416 

dashed line represented the luminescence of residual propranolol in a sample. 417 
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With the decrease of propranolol in UV/H2O2, the inhibition effects on Vibrio fischeri 418 

decreased up to 20% relative to the initial luminescence. This result was consistent with the 419 

toxicity of residual propranolol, which can be explained by the fewer toxic products 420 

generated by •OH. In UV/PDS, 20% degradation of propranolol led to ~80% inhibition of 421 

luminescence. When propranolol was removed by 40%, the luminescence was completely 422 

inhibited, suggesting that the products generated by SO4
•- were more toxic than propranolol.  423 

The effects of oxidation products of CO3
•- or Cl-containing radicals were also shown in 424 

Fig. 5. The concentration of bicarbonate or Cl- at 100 mM was used to create a background 425 

with dominant CO3
•- or Cl-containing radicals. The presence of bicarbonate in UV/ H2O2 426 

showed no luminescence inhibition when the removal of propranolol was less than 30%. 427 

However, the toxicity sharply increased as the degradation of propranolol proceeded. 428 

Bicarbonate at 100 mM could scavenge 77% of •OH, implying that •OH contributed to the 429 

partial degradation of propranolol and the formation of its corresponding products. The non-430 

effect on Vibrio fischeri in the initial phase could be explained by two possible reasons: either 431 

•OH generated fewer toxic products, or the accumulation of toxic products by CO3
•- was not 432 

sufficient to affect the overall toxicity. Subsequently, the further oxidation of products by 433 

•OH or CO3
•- generated more toxic products. The presence of bicarbonate or Cl-containing 434 

radicals in UV/PDS exhibited comparable toxicity to that in UV/PDS. Taken together, these 435 

results indicated that the products generated by SO4
•-, CO3

•- or Cl-containing radicals were 436 

more toxic than those by •OH. 437 

 438 

4. Conclusions. 439 

Hydroxyl radical showed unselective oxidation towards propranolol species. Although 440 

SO4
•- was expected to be more reactive toward the neutral form of propranolol, the 441 

electrostatic attraction between SO4
•- and the protonated form of propranolol could facilitate 442 
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this reaction. •OH reacted with either amine moiety or naphthalene group through 443 

hydroxylation pathway, which underwent further oxidation to form ring-opening products. 444 

SO4
•- exhibited high reactivity toward the electron-rich naphthalene group. When the 445 

oxidized naphthalene group was less reactive, the amine moiety as a secondary reactive site 446 

could be oxidized by SO4
•-. The same products through the cleavage of the side chain were 447 

observed in both AOPs. Neither bicarbonate nor Cl- had a significant effect on propranolol 448 

degradation. CO3
•- and Cl-containing radicals were favorable in oxidizing the naphthalene 449 

group. Since Cl2
•- played a role in the conversion of SO4

•- to •OH, the characteristic product 450 

by •OH was detected at high concentrations of Cl- in UV/PDS. The acute toxicity assay 451 

implied that the products generated by SO4
•- were more toxic than those by •OH. CO3

•- and 452 

Cl-containing radicals gave similar toxic products as SO4
•-. The presence of bicarbonate in 453 

UV/H2O2 enhanced the generation of toxic products. It should be noted that the toxicity of 454 

specific product needs to be further identified, which will facilitate a better understanding of 455 

toxicological potential when these AOPs are applied in treating waters with different 456 

backgrounds. 457 

 458 

Appendix A. Supplementary data 459 

Supplementary data related to this article can be found at: 460 
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Figures and tables. 467 

 468 

 469 

Fig. 1. Apparent second-order rate constants for the reactions of propranolol with (A) •OH 470 

and (B) SO4
•-.  471 

 472 
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  473 

Fig. 2. Effect of bicarbonate on degradation of propranolol in UV/H2O2 or UV/PDS at pH 8. 474 

Experimental condition: [propranolol]0 = 20 µM, and [H2O2]0 or [PDS]0 =1 mM.  475 

 476 
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 478 

Fig. 3. Effect of chloride on degradation of propranolol in UV/PDS at pH 8. Experimental 479 

condition: [propranolol]0 = 20 µM, and [PDS]0 =1 mM. 480 
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Table 1. Products detected by TOF-MS in UV/H2O2 and UV/PDS. 482 

  483 

484 

Product ID RT 

(min) 

ESI 

(+/-) 

Observed 

Mass 

Calculated 

Mass 

Molecular 

formula 

Proposed structure 

Propranolol 13.8 + 260.16491 260.16451 C16H21NO2 

 

TP 133 1.1 + 134.11756 134.11761 C14H19NO5 

 

TP 166 0.9 - 165.01933 165.01934 C8H6O4 

 

TP 273 11.0 + 274.14377 274.144 C16H19NO3 

 

TP 275-1 2.5 + 276.15942 276.16687 C16H21NO3 

 

TP 275-2 9.6 + 276.15942 276.16687 C16H21NO3 

 

TP 281 1.1 

 

+ 282.1336 282.13387 C14H19NO5 

 

TP 291-1 1.7 + 292.15433 292.15295 C16H21NO4 

 

TP 291-2 10.3 + 292.15433 292.15295 C16H21NO4 

 

TP 293 2.5 + 294.16998 294.17032 C16H23NO4 

 

TP 307 1.7 

3.1 

4.0 

+ 308.14925 308.14981 C16H21NO5 

 

TP 309 1.6 

2.9 

+ 310.1649 310.16515 C16H23NO5 

 

N

H

OH

OH

O

OH
H
N

O

OH

OH



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

- 25 - 

 

 485 

Scheme 1. Proposed degradation pathways for propranolol by •OH, SO4
•-, CO3

•- and Cl-486 

containing radicals. Red boxes indicated the generation of products by •OH; green boxes 487 

indicated the generation of products by SO4
•-, CO3

•- and Cl-containing radicals; blue boxes 488 

indicated the generation of products in all processes. 489 

 490 

 491 
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Table 2. Modeled molar concentrations of inorganic radicals for various water matrices a 492 

Reactive 

species (M) 

UV/H2O2  UV/PDS 

Groundwater  Surface water  Groundwater  Surface water 

[SO4
•-]  2.20E-13 4.03E-13 

[•OH] 6.67E-14 1.35E-13  4.19E-14 1.57E-13 

[Cl•] 2.62E-22 4.42E-22  7.80E-16 1.21E-15 

[Cl2
•-] 6.31E-22 3.86E-21  1.80E-15 1.03E-14 

[CO3
•-] 1.95E-12 1.50E-13  4.51E-12 4.72E-13 

a. Simulation without propranolol. Simulation time = 5 min, 1 mM H2O2 or 1 mM PDS. 493 

 494 

 495 
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 496 

Fig. 4. Propranolol degradation and main transformation products (TPs) formation in 497 

authentic waters. GW and SW represent the groundwater and the surface water, respectively. 498 

Peak areas were normalized to the peak area of the internal standard. Experimental condition: 499 

[propranolol]0 = 1 µM, [H2O2]0 or [PDS]0 = 1 mM. 500 

 501 

 502 
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 503 

Fig. 5. Impact on Vibrio fischeri luminescence by propranolol after different treatments 504 

with/without bicarbonate or chloride. The dash line represents the luminescence induced by 505 

the remaining propranolol. Errors represent the standard deviation (n = 4). Experimental 506 

condition: [propranolol]0 = 20 µM, [HCO3
-] or [Cl-] = 100 mM, [H2O2]0 or [PDS]0 =1 mM. 507 

 508 

 509 
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Highlights: 
• Propranolol degradation is comparatively studied in UV/H2O2 and UV/PDS 

• CO3
•- and Cl-containing radicals react with propranolol 

• •OH induces hydroxylation of propranolol at either amine or naphthalene 

group 

• SO4
•-, CO3

•- and Cl-containing radicals attack the naphthalene group 

• SO4
•-, CO3

•- and Cl-containing radicals generate more toxic products than 
•OH 


