
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

보건학석사 학위논문 

 

Degradation of oseltamivir 

(Tamiflu) in UV photolysis and 

UV/H2O2 reactions 

- Performance, kinetics, and mechanism - 

 

자외선 광분해와 자외선/과산화수소 공정에서의 

oseltamivir (Tamiflu)의 분해 특성과 메커니즘에 

관한 연구 

 

 

 2021년 8월 

 

 

서울대학교 보건대학원 

환경보건학과 환경보건학전공 

손 정 민 





 i 

Abstract 

 

Degradation of oseltamivir (Tamiflu) 

in UV photolysis and UV/H2O2 

reactions 

- Performance, kinetics, and mechanism - 

 

Jungmin Sohn 

Department of Environmental Health Sciences 

Graduate School of Public Health 

Seoul National University 
 

 

Oseltamivir (OST) is widely used as an antiviral drug and has been a concern in 

the aquatic environment. In this study, the degradation mechanisms of OST were 

investigated through UV photolysis and UV/H2O2 reactions. The effects of pH, 

temperature, humic acid, H2O2 concentration, and inorganic anions such as Cl–, 

HCO3
–, and NO3

– were examined with respect to the degradation kinetics. The 

degradation kinetics of each reaction followed the pseudo-first order. The UV/H2O2 

reaction showed a higher removal than UV photolysis because of the effective 

generation of OH radical. The contribution of the OH radical under different pH 

conditions was determined using nitrobenzene as a radical scavenger. The OH 

radical contributed 88% at pH 6.5, showing the highest contribution than pH 3.5 

(79%) and pH 9.5 (84%). 64% of total organic carbon in OST was mineralized 
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after 12 h in UV/H2O2 reaction. 10 transformation byproducts (TPs) were identified 

using ultra-performance liquid chromatography-quadrupole-time of flight : six (m/z 

= 277, 327, 329, 347, 361, and 377) from UV/H2O2, two (m/z = 226 and 244) from 

UV photolysis, and two (m/z = 261 and 331) from both reactions. Based on the 

identified TPs, the potential degradation pathways were proposed. 

 

Keywords : Oseltamivir; UV/H2O2; UV photolysis; Transformation byproducts; 

OH radical; Mineralization 
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1. Introduction 

 

1.1. Background 

 

Viral infections caused by influenza A and B pose a high risk to public health, 

and antiviral drugs such as zanamivir, peramivir, laninamivir, and oseltamivir 

(OST) have been the primary defenses against the flu pandemic (Mestankova, 

2012). Among the various neuraminidase inhibitors (NAIs), particularly OST, 

known as Tamiflu, is widely used as an antiviral agent. It has proved clinical 

improvement against seasonal and emerging influenza viruses compared to other 

NAIs (Bai et al., 2021). Assuming comparable amounts of other NAIs detected in 

aquatic system (Woche et al., 2016), this study is expected to be a guidance for the 

application of removal of NAIs.  

Tamiflu is taken orally as phosphate salt. Oseltamivir ethylester, the 

conjugated acid, converts in the liver to the oseltamivir acid (OA), and OA is 

excreted mainly in the urine. However, their phototransformation and 

biotransformation rate in surface water are known to be low and more persistent 

than the parent compounds (Mestankova, 2012).  

Since its consumption increases, the concentration of OST varies from 0.3 to 

865,000 ng/L in an aquatic system such as rivers, surface water, or lake water 

(Nannou et al., 2020; Takanami, 2010) (Table 1). As with other pharmaceuticals, 

OST or its active metabolite, oseltamivir carboxylate, cannot be completely 

removed during wastewater treatments and ultimately enter water systems through 

wastewater sources (Kiguchi et al., 2019). OST shows continuous consumption and 

has been observed in aquatic environments in recent years (Bagnis et al., 2020; 
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Burns et al., 2018; Park and Jeon, 2021). Although the detected concentration 

appears to be of little concern, a high concentration of OST in the aquatic system 

could lead to the emergence of drug-resistant viruses (Mestankova, 2012). 

Therefore, there is a growing need to prevent humans and aquatic organisms being 

exposed to OST by using appropriate water treatment technologies. 

OST was degraded through solar irradiation (Goncalves et al., 2011), 

photocatalyst (Wang et al., 2015), or ozonation processes (Mestankova, 2012) 

(Table 2). However, studies on the OST treatment in a water system have rarely 

been conducted. Compared with other advanced oxidation processes (AOPs), 

UV/H2O2 can help avoid a process of retrieving used catalyst, high operational cost, 

and a long reaction time. Furthermore, most studies have not reported the effect of 

various parameters. Tong et al. reported the degradation of OST using UV, 

UV/H2O2, and UV/H2O2/FeⅡ (Tong et al, 2011). However, further studies on the 

effect of environmental parameters and a more detailed transformation pathway of 

OST are required. 

UV/H2O2 is the most commonly used technology in water treatment. Reactive 

nonselective radicals such as OH radicals appear to have high oxidation potential 

that enables efficient removal of organic compounds from water (Schaefer and 

Herrmann, 2018). OST is expected to be more effective when an advanced 

oxidation process is applied as the OH radical attack is more dominant than the 

photochemical reaction (Tong et al., 2011). Therefore, the study of the processing 

efficiency of OST when applying an advanced oxidation process combining UV 

and H2O2 is significant in terms of practical application. 
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1.2. Objectives 

 

In this study, the degradation kinetics and mechanisms of OST under UV 

photolysis and UV/H2O2 were examined under various water chemistry conditions 

(pH, temperature, humic acid (HA), H2O2, and inorganic anions). To identify the 

degradation pathways during these reactions, intermediate and byproducts 

formation of OST were investigated. Moreover, transformation byproducts (TPs) of 

OST during the reactions were evaluated.  
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2. Materials and methods 

2.1. Chemicals and reagents 

 

OST phosphate (molecular weight = 410.4 g/mol) was purchased from Sigma-

Aldrich (St. Louis, MO, USA), and its physicochemical properties are specified in 

Table 3. Sodium chloride (NaCl, ≥99%) was purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and was used to formulate a typical surface water conductivity. 

Hydrogen peroxide (H2O2, 30–35.5%) was purchased from Junsei Chemical Co., 

Ltd. (Tokyo, Japan). Potassium phosphate monobasic (NaH2PO4), potassium 

phosphate dibasic (Na2HPO4), sodium hydroxide (NaOH), hydrochloric acid 

solution (HCl, 37%), nitrobenzene (NB), sodium nitrate (NaNO3, ≥99%), sodium 

bicarbonate (NaHCO3, ≥99.7%), and humic acid (HA) sodium salt were all 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium thiosulfate 

(Na2S2O3, >99%) was also obtained from Sigma-Aldrich and was used to quench 

radical reactions. All chemicals were of analytical standard, while HA sodium salt 

was of technical grade. HA was filtered with 0.2-µm membrane filters (Whatman, 

Maidstone, Kent, England). A phosphate buffer was used to adjust the initial pH of 

the experimental solution. Further, all solutions were diluted in deionized water 

produced by an ultrapure Milli-Q water generator (Millipore, USA). 
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Table 3. Physicochemical properties of OST. 

Properties  Structure 

Compound 

(Formula) 

[ID] 

Oseltamivir 

(C16H28N2O4) 

[OST] 

 

MW (g/mol) 312.4 

Hydrogen bond 
Acceptor 5 

Donor 2 

Log Kow 0.95 

pKa 7.75 

Water Solubility (g/L) 1.6 



 

8 

2.2. Experimental procedures 

 

The reactor was a double-layered glass reactor connected to a chiller to control 

a certain temperature as shown in Figure 1. The volume of the solution was 600 

mL, and the temperature was set to 20°C using a water bath between layers in the 

reactor. A 6-W low-pressure UV-C mercury lamp was used at the wavelength of 

254 nm. The intensity of the UV-C lamp was measured using a UV radiometer 

(VLX-3W Radiometer 9811-50; Cole-Parmer, Vernon Hills, IL, USA); it was 

found to be 8.4 mW/cm2. The aluminum foil was layered in the reactor to exclude 

other light sources that could lead to additional removal during the reactions. The 

initial concentration of OST was 100 µg/L, and that of H2O2 was 1 mg/L. The pH 

of the solution was adjusted using a phosphate buffer to maintain a pH of 6.5 ± 0.1. 

The conductivity of 300 µS/cm was adjusted by adding a 1 M NaCl solution to 

obtain a condition similar to surface water quality. Samples were quenched with 

0.1 M sodium thiosulfate. The effect of environmental factors and reaction 

conditions were investigated by varying pH (3.5–9.5), temperature (10–30°C), HA 

concentrations (0–20 mg/L), background anions (Cl–, HCO3
–, and NO3

–), 

conductivity (300–2,000 µS/cm), and H2O2 concentrations (0–2 mg/L). The pH 

was adjusted with 1 M HCl and 1 M NaOH to maintain pH 3.5 and pH 9.5, 

respectively. 

The mineralization processes in UV photolysis and UV/H2O2 reactions were 

conducted for 12 h with OST concentrations of 2 mg/L and 5 mg/L. H2O2 

concentrations were 1 mg/L, 2 mg/L, and 10 mg/L. The pH and conductivity 

concentrations were the same as the previously mentioned experiments. The 

experiment for transformation byproducts’ (TPs) identification was operated for 3 h. 
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The solution was deionized water not adjusted with pH buffer to avoid the effect of 

background ions. The initial concentration of OST was 1 mg/L, and the 

concentration of H2O2 was 0.5 mg/L for TP identification. 
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Figure 1. Schematic diagram of the batch photoreactor. 
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2.3. Analytical method 

 

OST was analyzed by ultra-high-performance liquid chromatography-mass 

spectrometry (UHPLC-MS/MS; Nexera X2, Shimadzu, Japan) tandem mass 

spectrometer (API 4000, AB Sciex, USA) using an Acquity UPLC BEH C18 

column (2.1 mm × 100 mm; 1.7 μm; Waters, USA). The mobile phase consisted of 

(A) 0.1% formic acid and (B) acetonitrile. The flow rate was 0.3 mL/min with 

40°C of oven temperature, and the injection volume was 40 µL. The gradient mode 

of elution was performed as follows: 0–1 min, 98% A and 2% B; 4.5–7.5 min, 2% 

A and 98% B; and 7.6–10 min, 98% A and 2% B. The requirements are provided in 

Table S1.  

TPs identification of OST during UV photolysis and UV/H2O2 was performed 

by ultra-performance liquid chromatography-quadrupole-time of flight mass 

spectrometry (UPLC-Q-ToF/MS; Acquity UPLC Synapt G2-Si, Waters, USA) with 

the same column and mobile phase as UHPLC-MS/MS analysis. UNIFI software 

(Waters) was used for data processing. The mass error of each byproduct was less 

than 5 mg/L. The detailed analysis conditions have been presented in Table S2. 

HPLC (UltiMate-3000, Dionex, USA) was used to analyze NB to determine the 

contribution of the OH radical during UV/H2O2. The mobile phase was (A) 10 mM 

phosphoric acid and (B) methanol, equipped with XBridge C18 column (4.6 

mm × 150 mm; 3.5 μm; Waters, USA). The flow rate was set to 1 mL/min at a 

wavelength of 262 nm. Every solution in the experiment was adjusted with a pH 

buffer and was measured by pH meter (Orion Star A211, Thermo Scientific, USA). 

After adjusting pH, the conductivity was measured using a conductivity meter 

(WTW 2FD47F Multi 3430 Multiparameter Meter with Tetracon 925). 



 

12 

3. Results and discussions 

3.1. Degradation kinetics of OST during UV and UV/H2O2 
 

Figure 2 shows the degradation kinetics of OST during UV photolysis and 

UV/H2O2 reactions. The degradation efficiency of OST increased significantly 

when UV reacted with H2O2. OST was degraded completely in 10 min during the 

UV/H2O2 reaction, while the UV photolysis degraded 53% of OST. Eqs. (1) and (2) 

indicate that the photolysis of H2O2 produces the OH radical, which attacks OST to 

degrade it effectively (Dallares et al. 2019; Son et al. 2020, Yuan et al. 2009). OST 

degradation followed the pseudo-first-order kinetics, resulting in 0.544 min–1 in the 

UV/H2O2 and 0.075min–1 in the UV photolysis. 

 

                                     (1) 

                                   (2) 
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Figure 2. Degradation (%) and first-order degradation kinetics of OST in both UV 

and UV/H2O2 reactions (experimental conditions: [OST]0 = 100 µg/L; [H2O2]0 = 1 

mg/L; conductivity = 300 µS/cm NaCl; pH 6.5, T = 293 K). Error bars are smaller 

than the symbols in most cases. 
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3.2. Effect of H2O2 concentration 

 

Figure 3 illustrates OST degradation under UV/H2O2 with different H2O2 

concentrations to assess the optimal H2O2 concentration. The OST degradation 

kinetics (kOST) increased from 0.07 min–1 to 0.768 min–1 with an increase in the 

initial H2O2 concentration from 0 mg/L to 2 mg/L. As shown in Eq. (1), the OH 

radical can be produced through the direct photolysis of H2O2; it can then attack the 

OST molecules and lead to effective OST degradation on OST. The optimal H2O2 

concentration for 100 µg/L OST was 1 mg/L. 
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Figure 3. Effect of H2O2 concentration on OST degradation kinetics in UV/H2O2 

reactions (experimental conditions: [OST]0 = 100 µg/L; conductivity = 300 µS/cm 

NaCl; pH 6.5, T = 293 K). Error bars are smaller than the symbols in most cases.  
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3.3. Second-order kinetics of OST and ∙OH 

 

The determination of OH radical contribution was conducted using NB as the 

OH radical probe. It is known that NB is degraded only by the OH radical. The 

second-order rate constant of the reaction between NB and OH radicals (k∙OH-NB) is 

reported as 3.9 ⨯ 109 M–1s–1 (Shemer and Linden, 2006), and the second-rate order 

rate constant of OST with OH radical (kOH-OST) follows Eq. (3) (Huber, 2003; Yuan 

et al., 2009):  

 

  (3) 

 

The degradation contribution of UV direct photolysis and the indirect reaction 

of OH radical follow Eqs. (4), (5), and (6). The concentration of OH radical 

([∙OH]ss) can be calculated with the pseudo-first-order rate constant of NB (k′NB). 

Thereafter, the rate constant of the reaction between OH radical and OST (k′∙OH-OST) 

can be obtained using Eq. (5) (Ling et al., 2016). Finally, the observed rate constant 

of UV/H2O2 (k′observed) is the sum of the rate constants of direct photolysis and the 

reaction with OH radical and OST (Eq. (6)). 

 

                                    (4)               

                                (5)                

                              (6) 
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Table 4 summarizes the calculated rate constants of OST, OH radical during UV 

photolysis, and UV/H2O2 reactions. The contribution of OH radical at pH 6.5 was 

the highest among the three different pH conditions. OH radical contribution was 

79% at pH 3.5, 88% at pH 6.5 and 84% at pH 9.5. 

 

 

Table 4. Rate constants during UV/H2O2 of OST by UV photolysis and ·OH.  

Compounds pH 3.5 pH 6.5 pH 9.5 

k′NB (sec-1) 1.93×10-3 3.30×10-3 1.96×10-3 

k∙OH-OST (M-1 sec-1) 8.06×109 9.09×109 10.9×109 

[∙OH]ss (M) 4.96×10-13 8.46×10-13 5.04×10-13 

k′∙OH-OST (sec-1) 4.00×10-3 7.69×10-3 5.51×10-3 

k′UV-OST (sec-1) 1.09×10-3 1.07×10-3 1.02×10-3 

k′NB: pseudo first-order rate constant of nitrobenzene; k∙OH-OST: second-order rate constants for the 

reaction of OST with OH radical; [OH]ss: concentration of OH radical at steady state; k′∙OH-OST: 

pseudo first-order rate constant of the reaction between OST and OH radical; k′UV- OST: pseudo first-

order rate constant of direct UV photolysis. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nitrobenzene
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3.4. Effects of solution pH, temperature, anions, and natural 

organic matter on degradation  

 

3.4.1 pH  

 

OH radical conversion changes with different pH values in UV/H2O2. The effect 

of different pH values with the H2O2 dosage of 1 mg/L is shown in Figure 4. 

UV/H2O2 reaction had significant differences between three different pH values 

compared to UV irradiation alone. Furthermore, UV/H2O2 reactions at neutral and 

alkaline conditions (pH 6.5 and pH 9.5) were faster than those at acidic conditions 

(pH 3.5). The removal efficiency of OST in the UV/H2O2 reaction was 90.5%, 

99.0%, and 96.1% at pH 3.5, 6.5, and 9.5, respectively. In the acidic condition, 

excessive H+ ions act as OH radical scavengers such that the degradation rate 

constant is slower than that of neutral and alkaline conditions (Eq. (7); Devi et al., 

2009). 

 

                                       (7)    

          

However, Zhang et al. reported several reasons for lower degradation efficiency 

at alkaline conditions, which are reduction of the redox potential of OH radical 

(E∙OH,H2O), an excessive amount of OH– that scavenge OH radical (Eq. (12)), and 

generation of HO2
– (Eq. (10)) (Zhang et al., 2017). As shown in Eq. (8), obtained 

from the Nernst equation, the redox potential of OH radical (E∙OH,H2O) reduces with 

the increase in pH (Zhang et al., 2016). 

 

                                (8) 
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Hydrolysis of H2O2 enhances the yield of HO2
–, and HO2

– reacts as an effective 

OH radical scavenger. This anion also enhances the decomposition of H2O2 to 

generate water and oxygen, resulting in a decrease in H2O2 discharge efficiency 

(Liu and Zhang, 2011). 

 

 (pKa = 11.6)                             (9) 

                                (10) 

                          (11)  

 

Moreover, OH– can be the primary component with increasing pH and can 

scavenge OH ions as well (Eq. (12)).  

 

 (k = 1.2 × 1010 M–1 s–1)                (12) 
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Figure 4. Effect of pH on OST degradation in (a) UV/H2O2 and (b) UV photolysis 

reactions and their first order rate constants in (c) UV/H2O2 and (d) UV photolysis 

reactions (experimental conditions: [OST]0 = 100 µg/L; [H2O2]0 = 1 mg/L; 

conductivity = 300 µS/cm NaCl; pH 6.5, T = 293 K).
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3.4.2 Temperature 

 

The solution temperature was maintained between 10°C–30°C (283K–303K, 

respectively) to evaluate the effect of temperature. Eq. (13) refers to the 

temperature dependence of UV/H2O2 and UV photolysis reactions (Behnajady et 

al., 2009). The results are presented in Figure 5. 

 

                                            (13) 

 

Here, A is the Arrhenius constant, Ea indicates activation energy (kJ/mol), and R 

is the ideal gas constant (0.0083 kJ/mol K; Basturk and Karatas, 2015; Tariq and 

Khan, 2020). The rate constant was the highest at 303 K, and the activation energy 

was calculated as 15.0 kJ/mol in UV/H2O2 and 18.6 kJ/mol in UV photolysis. The 

activation energy of pharmaceuticals other than OST is reported as approximately 

5–22 kJ/mol (Wünsch et al., 2021), and it is reported as 14 kJ/mol for the reaction 

rate of H2O2 with OH radicals (Wols et al., 2015). The calculated activation energy 

obtained in this study is similar to that of overall pharmaceutical micropollutants. 

Moreover, during UV/H2O2 reaction, high temperature produces excess OH 

radicals (Bensalah et al., 2018; Monteagudo et al., 2015) and results in higher 

removal efficiency. 
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Figure 5. Effect of temperature on OST degradation in the UV/H2O2 and UV 

photolysis reactions (experimental conditions: [OST]0 = 100 µg/L; [H2O2]0 = 1 

mg/L; conductivity = 300 µS/cm NaCl; pH 6.5). Error bars are smaller than the 

symbols in most cases. 
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3.4.3 Anions and natural organic matter (NOM) 

 

Inorganic anions such as Cl–, HCO3
–, and NO3

– affect the degradation of 

micropollutants during the AOP. HCO3
– is known to scavenge OH radical to form 

carbonate radical, reacting with organic or inorganic compounds (Malvestiti and 

Dantas, 2018; Wang et al., 2017; Kang et al., 2018). UV photolysis showed no 

significant difference between 300, 1,000, and 2,000 µS/cm in the presence of Cl– 

and HCO3
–, while the rate constants decrease with increasing conductivity during 

UV/H2O2 (Figure 6). HCO3
– and CO3

2– compete for OH radical and result in the 

formation of the carbonate radical (Eqs. (14) and (15); Buxton, 1986). The 

carbonate radical is an electrophile that reacts slower than OH radical (Rubio et al., 

2013). Finally, the degradation rate constant decreased from 0.3541 min–1 to 0.0847 

min–1 when HCO3
– was added to the solution.  

 

 (k = 1.5 × 107 M–1 s–1)             (14)  

 (k = 4.2 × 108 M–1 s–1)            (15)  

 

Even though chloride ions showed less impact on the degradation compared 

with bicarbonate, they also inhibited the degradation of OST. NaCl ionized 

completely into Na+ and Cl– in the solution. Cl– reacts with OH radical and forms 

ClOH– (Eq. (16)). This anion dissociates to Cl– and OH radicals again, showing 

little influence on the concentration of the OH radical (Eq. (17); Gao et al., 2009). 
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  (k = 4.3 × 109 M−1 s−1)                    (16)         

(k = 6.1 × 109 M−1 s−1)                     (17)                 

 (k = 2.1 × 1010 M−1 s−1)             (18)               

(k = 2.1 × 1010 M−1 s−1)                       (19)            

 (k = 1.1 × 109 M−1 s−1)                       (20)              

 

ClOH– reacts with a hydrogen ion, producing chlorine atoms (Eq. (18)). 

Chlorine atoms further generate Cl2
– and Cl– (Eqs. (19) and (20)). 

While in overall, NO3
– ions promoted the degradation of OST, the rate constants 

of UV/H2O2 at 2,000 µS/cm are lower than that for UV photolysis. This may be 

caused by reaction with the OH radical. NO3
– ions form NO2

–, which can 

accumulate and react with OH radical (Malvestiti and Dantas, 2018). Therefore, 

inhibition can be also achieved by the formation of NO3∙ and NO2 (Eqs. (21) and 

(22)). 

 

                        (21)               

                               (22) 

  

However, the rate constants during UV photolysis and UV/H2O2 with the addition 

of NO3
– increase as the conductivity increases. 
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                            (23) 

                                      (24) 

                                   (25) 

                                   (26) 

                                    (27) 

          

Nitrate photolysis generates OH radical in both direct (Eq. (23)) and indirect 

reactions, photoisomerizing to peroxynitrite (NO3
–) or peroxynitrous acid (HNO3; 

Eqs. (24)–(27); Vione et al., 2009).  
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Figure 6. Effect of background anions on OST degradation kinetics in (a) 

UV/H2O2 and (b) UV photolysis reactions (experimental conditions: [OST]0 = 100 

µg/L; [H2O2]0 = 1 mg/L; pH 6.5, T = 293 K). 
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The effect of natural organic matter (NOM) was examined with HA 

concentration ranged from 0 to 20 mg/L. The kinetics followed the pseudo-first-

order. As demonstrated in Figure 7, the removal declined as HA was added into the 

reaction solutions. When HA concentrations of 1, 2.5, 5, 10, and 20 mg/L were 

added during UV/H2O2, the rate of removal efficiency decreased to 98, 89, 84, 75, 

and 44%, respectively. The presence of HA made the processes more time-

consuming to complete the degradation of OST. This implies that the presence of 

HA induced the decrease of OST photolysis rate (Yuan et al., 2013). The carboxyl 

and hydroxyl functional groups of HA react with OH radical (Feng et al., 2017), 

and this OH radical has a scavenging effect on HA that may hinder the degradation 

of OST. Accordingly, the competition for OH radical between NOM and OST 

lowers the degradation rate constant (Jin et al., 2018). UV photolysis also showed 

trends similar to UV/H2O2. HA may reduce the photon penetration in the solution 

during UV photolysis as suggested by Kang et al. (Kang et al., 2018). 
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Figure 7. Effect of HA on OST degradation kinetics in (a) UV/H2O2 and (b) UV 

photolysis reactions (experimental conditions: [OST]0 = 100 µg/L; [H2O2]0 = 1 

mg/L; conductivity = 300 µS/cm NaCl; pH 6.5, T = 293 K). Error bars are smaller 

in most cases.
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3.5. Identification and screening byproducts  

3.5.1 TOC measurement  

 

The mineralization efficiency of an organic compound was evaluated with the 

removal of TOC. The initial concentration of OST was fixed to 2 mg/L and 5 mg/L 

to see a decrease in TOC clearly. The highest TOC removal of the OST aqueous 

solution was 64% after 720 min for 5 mg/L of OST and 10 mg/L of H2O2 reaction 

(Figure 8). Each experiment showed 12% (UV;OST = 2 mg/L), 34% (OST = 5 

mg/L and H2O2 = 2 mg/L), 45% (OST = 2 mg/L and H2O2 = 1 mg/L), and 64% 

(OST = 5 mg/L and H2O2 = 10 mg/L) of TOC removal. The mineralization 

efficiency under the UV/H2O2 reaction was higher than the UV photolysis alone. 

None of the TOC removals showed complete mineralization for 720 min, and this 

indicates that recalcitrant intermediates and byproducts keep generating during the 

reaction (Liu et al., 2020).  
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Figure 8. Mineralization of OST in UV/H2O2 and UV photolysis reactions 

(experimental conditions: conductivity = 300 µS/cm NaCl; pH 6.5, T = 293 K). 

Error bars are smaller than the symbols in most cases.
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3.5.2 Transformation byproducts and proposal of degradation 

pathway 

 

10 TPs ([M+H]+ = 226, 244, 261, 277, 327, 329, 331, 347, 361, and 377) were 

identified during UV/H2O2 and UV photolysis reactions of OST using UPLC-Q-

ToF/MS. Wang et al. also detected most of the TPs during UV-A/TiO2 except TP 

244 (Wang et al., 2015). The time-peak area profiles of TPs and proposed 

degradation pathway are presented in Figure 9 and Figure 10. The chromatograms 

and mass spectra of the identified byproducts are provided in Table S3. The mass 

error less than 5 mg/L was further classified to TPs. 

The cleavage of 3-pentanone and oxidation of OH radical resulted in TP 244 

and TP 226, which were detected only in UV photolysis. TP331 was generated by 

hydration reaction, and its further oxidation products were detected as TP 261 

(Wang et al., 2015). These byproducts were detected in both UV/H2O2 and UV 

photolysis reactions. In fact, these compounds are the primary byproducts of OST 

by UV photolysis. Compared with UV/H2O2, UV photolysis did not mineralize 

four byproducts (TP-331, TP-261, TP-226, and TP-244), including the target 

compound (OST), completely even after 3 h of reaction. Since the reactive sites are 

limited to UV photolysis, the target compound cannot be fully mineralized (Kim et 

al., 2019). After the formation of TP 261 during UV/H2O2 reaction with the 

cleavage of 3-pentanone and OH radical addition, the cyclohexane ring cleavage 

and carboxyl transformation resulted in TP 277. TP 331 produced TP 347 with OH 

radical oxidation, and further oxidation produced TP 361 and TP 377. TP 329 and 

TP 327 were also oxidized by the OH radical during the UV/H2O2 reaction. 
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Figure 9. Time-peak area profile of TPs produced during the (a) UV/H2O2 and (b) 

UV photolysis reactions (experimental conditions: [OST]0 = 1 mg/L; [H2O2]0 = 0.5 

mg/L; no buffer was used for the identification of TPs). 
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cleavage of the cyclohexane ring,
carboxyl transformation 

Keto-
derivatization

 

Figure 10. Proposed degradation pathway of OST in UV/H2O2 and UV photolysis 

reactions (experimental conditions: [OST]0 = 1 mg/L; [H2O2]0 = 0.5 mg/L; pH = 

5.7±0.01 (no buffer was used for the identification of TPs)).
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4. Conclusions 

 

The degradation kinetics and mechanism of OST during UV/H2O2 and UV 

photolysis were investigated in this study. Compared with UV photolysis and 

UV/H2O2 reaction, UV/H2O2 reactions allowed a more efficient removal of the 

compound compared with UV photolysis mainly due to the attack of OH radicals. 

The degradation of OST in both reactions followed the pseudo-first-order kinetics, 

showing 0.544 min–1 in UV/H2O2 and 0.075 min–1 in UV photolysis. The 

degradation efficiency of OST during UV/H2O2 was highest at neutral pH (pH 6.5) 

and highest H2O2 concentration (2 mg/L). 64% of OST was mineralized after 12 h 

of reaction, and it can be mineralized further with more reaction time. Six TPs were 

identified from UV/H2O2, two from UV photolysis, and two from both reactions. 

Based on these identified byproducts, the degradation pathway of OST during 

UV/H2O2 and UV photolysis was proposed. 

This study illustrates the performances of OST oxidative degradation. This can 

enhance the understanding of OST degradation during UV photolysis and UV/H2O2. 

However, to examine the ecological risk of OST and its transformation byproducts, 

the acute toxicity test can be fulfilled for further study. With incomplete 

mineralization and degradation pathway, anions produced after the further 

degradation could also provide the better understanding of OST degradation. 
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Supplementary materials 
 

Table S1. Analysis conditions of UHPLC-MS/MS for OST 

 

Table S2. Analysis conditions of UPLC-Q-ToF/MS for byproducts of OST 

 

Table S3. Chromagram of identified organic byproducts of OST during UV 

photolysis and UV/H2O2 reactions 
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Table S1. Analysis conditions of UHPLC-MS/MS for OST. 

Instrument   Parameter Condition   

UHPLC-

MS/MS* 
UHPLC Column 

Acquity UPLC BEH C18 column  

(2.1 mm × 100 mm, 1.7 μm) 

  
Mobile phase (A) 0.1% formic acid  

   
(B) Acetonitrile 

 

   

Gradient mode 

Time 0 1 4.5 7.5 7.6 10 

B(%) 2 2 98 98 2 2 
 

  
Flow rate 0.3 mL/min 

 

  
Injection volume 40 µL 

 

  

Column 

temperature 
40℃ 

 

 
MS/MS Ionization mode ESI positive 

 

  

Curtain Gas 

(CUR) 
20 psi 

 

  
Source temp. 500 ℃ 

 

  
IonSpray Voltage 5500 V 

 

  
Ion Source Gas 1 50 psi 

 

  
Ion Source Gas 2 50 psi 

 

  

Collision Gas 

(CAD) 
4 psi 

 

  
MRM** mode Precursor ion (m/z) 313.8  

   
Product ion (m/z) 225.1 120.1 

   
Declustering potential  51 V 51 V 

   
Collision energy  15 eV 37 eV 

   

Collision cell exit 

potential   
14 V 8 V 

* UHPLC-MS/MS: ultra high-performance liquid chromatography-tandem mass 

spectrometer. 
** Multiple reaction monitoring 



 

38 

Table S2. Analysis conditions of UPLC-Q-ToF/MS for byproducts of OST. 

Instrument   Parameter Condition     

UPLC- 

Q-ToF/MS* 
UPLC Column 

Acquity UPLC BEH C18 column 

(2.1 mm × 100 mm, 1.7 μm) 

  
Mobile phase (A) 0.1% formic acid  

 

   

(B) 

Acetonitrile   

   

Gradient mode 

Time 0 4 5 

B(%) 10 70 70 
 

 

  
Flow rate 0.3 mL/min 

  

  
Injection volume 10 µL 

  

  
Column temperature 40℃ 

  

 
Q-ToF/MS Ionization mode ESI positive and negative 

 

  
Mass range 50-1200 Da 

  

  
Scan time 0.5 sec 

  

  
Collision energy 

(Trap) 6 eV, (Ramp trap) 20-

45 eV  

  
  Positive Negative 

 

  
Capillary voltage 3.0 kV 2.5 kV 

 

  
Source temperature 100 °C 100 °C 

 

  

Sampling cone 

voltage  
30 V 40 V 

 

  
Source offset 80 V 80 V 

 

  

Desolvation 

temperature 
250 °C 250 °C 

 

  
Cone gas flow 50 L/h 50 L/h 

 

  

Desolvation gas flow 

rate 
800 L/h 600 L/h 

 

  
Nebulizer gas flow 6.5 bar 6.5 bar 

 
* UPLC-Q-ToF/MS: ultra-performance liquid chromatography-quadrupole-time of flight. 
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Table S3. Chromatogram of identified organic byproducts of OST during UV 

photolysis and UV/H2O2 reactions 

Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 226 C11H15NO5 226.1078 1.8  0.95  

Chromatogram

 

Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

BP 244 C11H17NO5 244.1181 0.6  0.94  

Chromatogram  
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Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 261 C11H20N2O5 261.1438 -2.7  0.94  

Chromatogram  

 

Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 277 C11H17NO5 277.1382 -4.5  0.95  

Chromatogram 
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Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 327 C16H26N2O5 327.1905 -3.0 0.98  

Chromatogram 

 

Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 329 C16H28N2O5 329.2059 -3.7 0.95  

Chromatogram  
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Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 331  C16H30N2O5 331.2222 -1.6 0.94  

Chromatogram 

 

Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 347  C16H30N2O6 347.2164 -3.6 0.95  

Chromatogram  

 

 



 

43 

Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 361  C16H28N2O7 361.1958 -3.2 0.95  

Chromatogram 

 

Byproduct Formula 
Observed 

m/z  
Mass error (ppm) 

Observed RT 

(min) 

TP 377  C16H28N2O8 377.1901 -4.6 0.94  

Chromatogram 
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             국문 초록 

 

Tamiflu로 흔히 알려져 있는 Oseltamivir는 인플루엔자 A 바이러스

와 B 바이러스의 감염 치료제로 전세계적으로 많이 이용되고 있다. 사용

량의 증가에 따라 강, 호소수 등의 상수원에서 수 십에서 수 백 ng/L 농

도로 검출되는 사례가 많다. 항바이러스제는 수계에 높은 농도로 존재할 

경우 내성 바이러스 출현 문제가 있다. 따라서 적정 수처리 기술을 이용

하여 인간 및 수중 생물에게 오염물질이 노출되는 것을 방지해야 할 필

요성이 증가하고 있다. 이 연구에서는 OST의 분해 메커니즘을 알아보기 

위해 자외선 광분해 및 UV/H2O2 반응을 이용한 실험을 실시하였다. pH, 

온도, 과산화수소 농도, 휴믹산 농도, 염소 이온(Cl-), 중탄산(HCO-), 

질산염(NO3
-) 등 무기 음이온이 분해에 미치는 영향을 실험하였고, 각 

반응들은 모두 유사 1차 반응을 따랐다. UV/H2O2 반응은 ∙OH의 생성으

로 인해 UV 광분해보다 높은 제거율을 보였다. 세 가지 pH 조건에서의 

∙OH 기여도는 니트로벤젠을 사용하여 결정되었고, pH 3.5에서 79%, pH 

6.5에서 88%, pH 9.5에서 84%의 기여도를 보였다. 그리고 12시간 

UV/H2O2 반응을 통해 64%의 OST가 무기화되었다. UPLC-Q-

ToF/MS를 사용하여 검출된 10개의 분해 유기 부산물은 각각 UV/H2O2

에서 6개(m/z = 277.1, 327.2, 329.2, 347.2, 361.2, 377.2), 자외선 

광분해 반응에서 2개(m/z = 226.2, 244.4), 두 반응에서 공통된 2개

(m/z = 261.1, 331.2)물질이 검출되었다. 검출된 부산물들을 기반으로, 

OST의 분해 경로가 제시하였다.  

 

주요어 : Oseltamivir; UV/H2O2 공정; 자외선 광분해; 부산물; OH 라디

칼; 무기화작용 

학 번 : 2019-22157 
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