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Abstract 

Advanced oxidation processes have gained significant attention as tetracycline (TC) and oxy-

tetracycline (OTC) treatment, however, their oxidation using the photo-Fenton process has not 

been sufficiently studied. Although degradations of TC and OTC were enhanced by increasing 

H2O2 and Fe2+ within the ranges (H2O2 = 20 – 50 mg/L and Fe = 1 –10 mg/L) under UV irra-

diation, the further photo-Fenton process were conducted with the concentrations of 20 mg/L 

of H2O2 and 5 mg/L of Fe2+ to consider cost-effectiveness. Various oxidation processes includ-

ing H2O2, ultraviolet (UV), UV/H2O2, and UV/H2O2/Fe2+ (photo-Fenton) for the TC and OTC 

degradation were compared; in conclusion, the photo-Fenton process was the most effective to 

remove them. The inhibition effects of several inorganic anions on the degradation of TC and 

OTC using the photo-Fenton process were decreased as follows: HPO42- > HCO3- >> SO42- > 

Cl-. The TC and OTC degradation are generally improved by increasing pH, which is opposite 

to the kpCBA,obs values, caused by increasing the deprotonation degree of TC and OTC. A total 

of four and nine transformation products of TC and OTC, respectively, were detected. Among 

the transformation products, m/z 443.14 (C22H22N2O8) obtained during TC degradation, and 

m/z 433.16 (C20H20N2O9) and m/z 415.15 (C20H18N2O8) obtained during OTC degradation 

were newly observed. Vibrio fischeri toxicity assessment indicated that the inhibition ratio was 

effectively decreased by decreasing TC concentration, while, OTC was transformed into a more 

toxic by-product (m/z 477.15b), which was identified using the quantitative structure activity 

relationship (QSAR). This toxic by-product caused higher inhibition ratios than those of pa-

rental compound (OTC), and then, further oxidized as the photo-Fenton process proceeded, 

decreasing the inhibition ratios. 

Keywords: photo-Fenton process; (oxy)tetracycline; water quality parameters; transformation 

products; toxicity assessment; QSAR analysis 
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1. Introduction 

Antibiotics are one of the largest groups of pharmaceutical substances used worldwide for 

treating diseases in humans as well as for preventing diseases and promoting growth in live-

stock (Jeong et al., 2010). Tetracycline antibiotics (TCs) have received significant interest be-

cause they are broad-spectrum antibiotics against both gram-positive and gram-negative bac-

teria and have extensively used as antibacterial agents and veterinary medicine (Ge et al., 2018; 

Yamal-Turbay et al., 2013; Wang et al., 2011). Moreover, TCs are rarely adsorbed and most of 

them are excreted through urine and feces without being metabolized in the human body or 

livestock (Wammer et al., 2011; Sarmah et al., 2006). Therefore, concentration of TCs have 

been detected worldwide in surface water sources, ground waters, sediments, soils, and even 

drinking water sources in tens to hundreds μg L-1 range (Rahmah et al., 2011; Klavarioti et al., 

2009). Moreover, concentration of TCs in livestock waste water is monitored as 2 mg L-1 (de 

Godos et al., 2012). The presence of TCs in water sources represents a threat to humans and 

ecosystems because of drug-resistant bacteria development and the toxicity of the antibiotics 

(Macauley et al., 2006; Pei et al., 2007). Thus, it is very important to remove TCs from con-

taminated water before discharging it into the environment. However, it is difficult to remove 

TCs using conventional water treatment processes such as physico-chemical or biological treat-

ment due to their stable structure, tetracene ring, and their antibiotic properties against bacteria 

(Batt et al., 2007; Watkinson et al., 2007). 

Recently, advanced oxidation processes (AOPs) have been proposed as effective treatment 

methods for water decontamination because they can generate hydroxyl radicals (HO•), which 

are non-selective oxidants and exhibit a high oxidation potential of 2.72 V (Shah et al., 2013; 

He et al., 2014). HO• present high second-order rate constants, in the 108 – 1010 M-1 s-1 range 

(Haag et al., 1992), against organic substances and can form OH- by removing an electron from 
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organic substances (Mirzaei et al., 2017). In photo-Fenton process, one molecule of H2O2 is 

decomposed into two molecules of HO• by UV irradiation, as shown in Eq. (1) (Baxendale et 

al., 1957). Also, HO• can be generated by the reaction of H2O2 and Fe2+ in Fenton process, and 

HO• can be additionally generated by photo-Fenton process in which oxidized Fe3+ is reduced 

to Fe2+ by UV irradiation (Eqs. (2) – (5)) (Kušić et al., 2006). 

H2O2 + hν → 2HO•                                                                                                               (1) 

Fe2+ + H2O2 → Fe3+ + HO• + OH-                                                                                        (2) 

Fe3+ + H2O2 → Fe2+ + HO2• + H+                                                                                          (3) 

Fe3+ + H2O + hv → Fe2+ + HO• + H+                                                                                   (4) 

Fe3+ + H2O2 + hv → Fe2+ + HO2• + H+                                                                                 (5) 

Despite this effective HO• generation, several studies on removing TC and OTC using the 

photo-Fenton process have been conducted to date using quite high concentrations of H2O2 (50 

– 100 mg/L) and Fe2+ (2 – 5 mg/L) (Yamal-Turbay et al., 2013; Pereira et al., 2014; Michael et 

al., 2019; Huang et al., 2019; Zhu et al., 2019); because the studies are likely to focus on veri-

fying the effect of UV (Yamal-Turbay et al., 2013) or solar irradiation (Pereira et al., 2014; 

Michael et al., 2019). Also, iron based heterogeneous catalysts have been widely studying so 

far, effectiveness on treating TCs is still controversial owing to requiring long reaction time 

and quite high H2O2 concentration (> 340 – 3400 mg/L) (Huang et al., 2019; Zhu et al., 2019). 

Nevertheless, there is a lack of study to apply the photo-Fenton (UV/H2O2/Fe2+) process with 

low concentration of H2O2 and Fe2+. 

Meanwhile, new concerns about incomplete mineralization and detoxification upon TC and 

OTC has been raised when applying AOPs (Khan et al., 2010; López-peñalver et al., 2010; 



5 

 

Yuan et al., 2011; Gómez-Ocheco et al., 2012), thus, verifying degradation pathways of TC and 

OTC and evaluating toxicities of their transformation products are recently getting more atten-

tion. Especially, López-peñalver et al. (2010), Yuan et al. (2011), and Gómez-Ocheco et al. 

(2012) reported that inhibition of Vibrio fischeri (V. fischeri) increased for treating OTC and 

TC during the beginning of UV/H2O2 process. In addition, Hou et al. (2016) observed maxi-

mum Daphnia magna immobilization (100%) was reached after 60 min reaction of ultrasound 

assisted Fenton-like degradation of TC. Although many previous studies have identified trans-

formation products of TC and OTC for H2O2 (Chen et al., 2017), UV/H2O2 (Liu et al., 2016; 

Yuan et al. 2011), to the best of our knowledge, there is no comprehensive study of comparing 

identified transformation products of TC and OTC and evaluating its possible toxicity based 

on both microbial toxicity assessment and quantitative structure activity relationship (QSAR) 

analysis for the photo-Fenton process (UV/H2O2/Fe2+) so far. Microbial toxicity assessment is 

one of well-known and simple methods, however, it is difficult to determine which transfor-

mation product is more toxic than others because they were mixed. To overcome this limitation, 

QSAR analysis is first employed to predict ecotoxicological potential of each identified trans-

formation products of TC and OTC through correlating molecular structure to biological tox-

icity. 

Therefore, the objectives of this research were as follows: 1) to determine the Fenton reagent 

concentrations for the degradation of TC and OTC; 2) to compare the degradation of TC and 

OTC during the sole H2O2, UV, UV/H2O2, and photo-Fenton(UV/H2O2/Fe2+) processes; 3) to 

investigate the effects of several inorganic anions (Cl-, HCO3-, SO42-, and HPO42-) and the ini-

tial pH (3.1 – 8.5) on the degradation of TC and OTC using the photo-Fenton process, 4) to 

identify the transformation products of TC and OTC; and 5) to assess their toxicities using the 

bioluminescence of Vibrio fischeri (V. fischeri) and QSAR analysis. 
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2. Materials and Methods 

2.1. Materials 

Tetracycline (C22H24N2O8, MW: 444.43, purity > 98%) and oxytetracycline hydrochloride 

(C22H24N2O9·HCl, MW: 496.89, purity > 95%) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Iron (II) chloride tetrahydrate (FeCl2·4H2O, purity = 98%, Sigma-Aldrich, St. 

Louis, MO, USA) and hydrogen peroxide (H2O2, 32% v/v, OCI, Seoul, Korea) were used as 

Fenton reagents. Sodium chloride (NaCl, SHOWA, Kyodai, Japan), sodium hydrogen car-

bonate (NaHCO3, SHOWA, Kyodai, Japan), sodium sulfate (Na2SO4, SHOWA, Kyodai, Japan) 

and sodium phosphate dibasic dehydrate (Na2HPO4·2H2O Sigma-Aldrich, St. Louis, MO, USA) 

were used as sources of inorganic anions. The quencher for the residual H2O2 was sodium 

thiosulfate (Na2S2O3, Sigma-Aldrich, St. Louis, MO, USA). Hydrochloride acid (HCl, WAKO, 

Osaka, Japan) and sodium hydroxide (NaOH, Samchun, Seoul, Korea) were used for pH ad-

justment. 4-Chlorobenzoic acid (pCBA, C7H5ClO2, MW: 156.57, purity = 99%, Sigma-Aldrich, 

St. Louis, MO, USA) was used for analysis of generation rate of HO•. Methanol (purity > 

99.9%, high-performance liquid chromatography (HPLC) grade, J.T.Baker, NJ, USA), oxalic 

acid solution (Samchun, Seoul, Korea) and acetonitrile (ACN, Merck KGaA, Darmstadt, Ger-

many) were used for analyzing TC and OTC. 

 

2.2. Analysis of TC and OTC 

The concentrations of TC and OTC were measured by HPLC (Flexar, Perkin Elmer, Wal-

tham, MA, USA) equipped with an UV detector. The wavelengths of the UV detector were set 

at 270 nm and 355 nm for TC and OTC, respectively. We used a ZORBAX SB-C18 (5 μm, 4.6 
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× 150 mm, Agilent, Santa Clara, CA, USA) column. The mobile phase consisted of ACN (20%), 

methanol (10%), and 0.01 M oxalic acid (70%) for TC and ACN (20%), methanol (15%), and 

0.01 M oxalic acid (65%) for OTC. The sample injection volume was 20 μL and the flow rates 

for TC and OTC were 0.6 mL/min. The method limit of detection was 0.5 mg/L for TC and 

OTC.  

To investigate the effect of low initial concentration (1 and 10 mg/L) of each TC and OTC 

during the photo-Fenton process, ultra-performance liquid chromatograph (UPLC, Agilent 

1290 Infinity series, Agilent Technology, Germany) equipped with a triple-quadrupole mass 

spectrometer (6460 Jet Stream series, Agilent Technologies) was used. A Zorbax Eclipse Plus 

C18 column (particle size = 1.8 μm, diameter = 2.1 mm, length = 100 mm) was used with formic 

acid (0.1%) in DI water (A) and formic acid (0.1%) in ACN solution (B) as the mobile phase 

at the flow rate of 0.4 mL/min. With this analytical method, the limit of detection was 0.05 

µg/L for TC and OTC.  

 

2.3. Photochemical reactor and photo-Fenton process 

The UV devices used for the photochemical experiments were equipped with five 4 W low-

pressure Hg UV lamps (PURITEC HNS G5, Osram, Munich, Germany), of 254 nm wavelength. 

The UV fluence was calculated to be 0.84 mW/cm2 using the KI/KIO3 actinometer method 

(Rahn et al., 2003; Qiang et al., 2015). All the experiments were conducted in quadruplicate 

using 40 mL quartz reactor for efficient UV absorbance for 60 min. The zero time of the photo-

Fenton process was defined after addition of H2O2 when the reactor was set under the UV. The 

higher initial concentrations (100 mg/L) of each TC and OTC than in real water were used in 

this study to clearly verify their oxidation mechanisms. The concentration of H2O2 was varied 
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from 20 to 30 and 50 mg/L for the UV/H2O2 process. Moreover, concentrations of 1, 2, 5, and 

10 mg/L of Fe2+ combined with 20 mg/L of H2O2 were used during the photo-Fenton process 

at pH range of 5.5 – 5.6 to evaluate the effect of the Fenton reagent concentration on each TC 

and OTC degradation, respectively. The degradation kinetics of each TC and OTC were studied, 

however, the pseudo-first-order reaction kinetics could not be applied for calculation of reac-

tion rate, because there were a very fast TC and OTC degradation at the beginning followed by 

a slow degradation. To compare the degradation of TC and OTC using various oxidation pro-

cesses, the sole H2O2, UV, UV/H2O2, and photo-Fenton (UV/H2O2/Fe2+) processes were per-

formed with 20 mg/L of H2O2 and 5 mg/L of Fe2+ for 60 min. To analyze TC (or OTC) con-

centration during the sole H2O2, UV, UV/H2O2, photo-Fenton process, 1 ml of the samples were 

taken from the reactor during desired reaction time. Except for this, we used 40 ml of the whole 

samples at each reaction time for further analysis. Total organic carbon (TOC) was analyzed 

with TOC-L analyzer (SHIMADZU, Japan) to determine mineralization of TC and OTC. The 

initial TOC concentration of TC (initial conc. = 100 mg/L) -or OTC (initial conc. = 100 mg/L) 

were 57.68 mg/L or 57.17 mg/L, respectively. The concentration of H2O2 was measured for the 

photo-Fenton process using sodium thiosulfate titrant method with hydrogen peroxide test kit 

(Model HYP-1, HACH, Loveland, CO, USA). Also, the pH was measured by pH benchtop 

meter (Orion Star A211, Thermo Scientific, Waltham, MA, USA). 

 

2.4. Effects of competing anions and initial solution pH. 

To gain a better understanding of the effects of inorganic anions and pH on the degradation 

TC and OTC during the photo-Fenton process, the several inorganic anions (Cl-, HCO3-, SO42- 

and HPO42-) and the different initial pH (3.1- 8.5) were used under the average UV fluence of 

0.84 mW/cm2. The sampling method was the same as the mentioned above method, and the 
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reaction time was 60 min. The initial concentrations of each TC and OTC were 100 mg/L to 

verify well with the results of competing anions and initial solution pH. We added 10 mM of 

each anions: Cl-, HCO3-, SO42- and HPO42- to the water, as competing inorganic anions. To 

exclude the effect of pH in these experiments, initial pH of solutions were adjusted to equal to 

initial pH of TC (5.6 – 5.8) and OTC (4.0 – 4.5) solution, respectively. To verify the effect of 

the pH, initial pH was adjusted to 3.1, 4.1, 5.5, 7.5 and 8.5 using 0.1 M HCl and 0.1 M NaOH 

solutions. The generation rates of HO• during the photo-Fenton process were investigated at 

each different pH by calculating the observed rate constant of pCBA (kpCBA,obs) (SI) using initial 

pCBA concentration of 20 mg/L. 

 

2.5. Identification of the transformation products of TC and OTC 

Deionized water for liquid chromatography – mass spectrometry (LC-MS grade) (Sigma-

Aldrich, St. Louis, MO, USA) and TC or OTC solutions of 200 μM initial concentration were 

used. The transformation products of TC and OTC were analyzed using an ACQUITY UPLCTM 

combined with electrospray ionization and quadrupole time-of-flight mass spectrometer 

(UPLC/ESI-QTOF-MS, Synapt G2, waters, Milford, MA, USA) with sampling (1 – 120 min) 

during the photo-Fenton process (20 mg/L of H2O2 and 5 mg/L of Fe2+). Water Acquity BEH 

C18 (1.7 μm, 2.1 × 100 mm, Waters, Milford, MA, USA) column was used and the temperature 

was set at 40 °C. The mobile phase consisted of A: 0.1% formic acid (FA) in H2O and B: 0.1% 

FA in ACN, with a gradient of 3% B which was increased to 100% in 10 min, was maintained 

for 0.5 min, and decreased back to 3% B in the next 1.5 min. The flow rate and sample injection 

volume were 0.4 mL/min and 5 μL, respectively. The mass spectrometric analysis (m/z 50 – 

1400) were conducted using electrospray ionization (ESI) source in positive mode with source 

temperature of 120 oC, desolvation temperature of 550 oC, desolvation gas flow of 900 L/h, and 



10 

 

capillary of 2.0 kV. Data acquisition was handled by MassLynx (v4.1) software (Waters, Mil-

ford, MA). 

 

2.6. Toxicity assessment 

 The toxicities of TC, OTC, and their transformation products before and after photo-Fenton 

reaction were assessed by measuring the inhibition ratio of the bioluminescence of V. fischeri. 

For assessing the toxicity of V. fischeri, BioTox™ Watertox™ Standard Kit (EBPI, Mississauga, 

ON, Canada) was used. For preparing samples of TC, OTC, and their transformation products, 

200 μM of either TC or OTC, 20 mg/L of H2O2 and 5 mg/L of Fe2+ were used for the photo-

Fenton process. Samples were collected after 1, 5, 10, 20, 30, and 60 min of reaction time, and 

the pH of all samples were adjusted to pH 7.5 using 0.1 M NaOH to obtain stability of V. 

fischeri. The bioluminescence of the samples was measured after 15 min of exposure at 15 oC 

using a Victor3 multiple plate reader (Perkin Elmer, Waltham, MA, USA) with a 535/40 emis-

sion filter. The bioluminescence inhibition ratio (%) was calculated using Eq.(11): 

𝑏𝑖𝑜𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛𝑟𝑎𝑡𝑖𝑜 = !!"#$%"!&#'(")

!!"#$%
× 100                       (11) 

where LBlank and Lsample are the bioluminescence signals after 15 min of exposure for the sample 

without TCs and tested samples, respectively. Furthermore, QSAR analysis was conducted to 

assess the ecotoxicological potential of the identified TC, OTC and their transformation prod-

ucts from the photo-Fenton process by using the ECOSAR program of the EPIWIN software 

(Sui et al., 2017). The lethal concentration 50 (LC50) values for fish (96 h); and daphnia (48 h), 

and the half maximal effective concentration (EC50) for green algae (96 h) were provided. 
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3. Results and discussion 

3.1. Effect of Fenton reagent concentration 

As shown in Fig.1, each of TC and OTC was degraded by 28.3% and 13.0%, respectively, 

for 60 min in sole H2O2 process. Under UV irradiation alone, the degradation efficiencies of 

each TC and OTC was 6.5% and 19.2% after 60 min of direct photolysis, respectively, while 

41.4% of TC and 43.5% of OTC were degraded with 20 mg/L of H2O2 for 60 min (Fig. 1a,b). 

Therefore, TC and OTC were more efficiently degraded in UV/H2O2 process than UV process 

because of HO• generated by decomposing H2O2 under UV irradiation. Similarly, Kim et al. 

(Kim et al., 2009) determined that the k values of TC increased more than 3.4 times when using 

UV/H2O2 (H2O2 conc. = 8.2 mg/L) than that of only UV irradiation process. During the 

UV/H2O2 process, the degradation efficiencies of each TC and OTC were increased from 41.4 

to 54.7% and from 43.5 to 59.9%, respectively by increasing the H2O2 concentration from 20 

to 50 mg/L for 60 min (Fig. 1a and Fig. 1b). In conclusion, HO• could not be effectively gen-

erated by H2O2 (< 50 mg/L) under UV irradiation, leading to the slight increase in the degra-

dation rate of each TC and OTC. 

To verify the effect of Fe2+ for the photo-Fenton process, the concentration of Fe2+ varied 

from 1 to 10 mg/L with 20 mg/L of H2O2 concentration. The photo-Fenton reaction generally 

occurs very fast at the beginning of the process because HO• is rapidly generated during the 

reaction of Fe2+ and H2O2 under UV irradiation (Mirzaei et al., 2017). Likewise, the degrada-

tion of each TC and OTC occurred very fast within 1 min, but slowly thereafter, then, kobs could 

not be calculated. The highest degradation efficiencies of each TC and OTC were obtained 

equally as 97.1% during the photo-Fenton process when 20 mg/L of H2O2 and 10 mg/L of Fe2+ 

were used for 60 min (Fig. 1c,d). However, high TC and OTC degradation efficiencies were 

also achieved as 94.2 and 94.8%, respectively, by using 5 mg/L of Fe2+ which were slightly 
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lower than those with 10 mg/L of Fe2+. In addition, a relatively large amount of iron oxides 

were precipitated when adding 10 mg/L of Fe2+ to the reaction mixture. Similarly, Karatas et 

al. (Karatas et al., 2012) studied the photo-Fenton process using high concentrations of Fe2+, 

which resulted in the precipitation of Fe2+ and Fe3+ as iron hydroxide. During the photo-Fenton 

process with 5 mg/L of Fe2+, the concentration of H2O2 (ini = 20 mg/L) was decreasing well to 

12.5 mg/L and 3.5 mg/L for 10 and 30 min, respectively. Thus, the photo-Fenton process were 

conducted with the Fenton reagent concentrations of 20 mg/L of H2O2 and 5 mg/L of Fe2+ for 

further experiments. 

 

3.2. Comparison of the TC and OTC degradation using various oxidation processes 

 The degradation efficiencies of each TC and OTC using sole H2O2, UV, UV/H2O2, and the 

photo-Fenton processes were compared for 30 min, as shown in Fig. 2. The degradation effi-

ciencies of each TC and OTC using H2O2 for 30 min were 27.9 and 12.7%, respectively (Fig. 

2a). As an oxidant, H2O2 partly degraded TC and OTC by its oxidation potential as 1.80 V 

(Chen et al., 2017). Using the UV process, 11.7% of OTC was degraded, which was 7.4% 

higher than the amount of TC degraded for 30 min (Fig. 2a). This result was attributed by the 

much high molar extinction coefficient of OTC at 254 nm (19,799 M-1 cm-1) than that of TC 

(4,108 M-1 cm-1) (Kim et al., 2009). During UV/H2O2 process for 30 min, the degradation ef-

ficiencies of TC and OTC were 34.2% and 34.4%, respectively. When using the photo-Fenton 

process, both TC and OTC were the most effectively degraded to a similar level and the deg-

radation efficiencies of TC and OTC were 91.3% and 92.4% for 30 min, respectively. Therefore, 

both TC and OTC were more degraded using the photo-Fenton process than H2O2, UV and 

UV/H2O2 processes (Fig. 2a). 
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During the photo-Fenton process, 82.5% and 97.5% of H2O2 was consumed after 30 min and 

60 min reaction (Fig. 2b). Although H2O2 is steadily consumed during the photo-Fenton pro-

cess, the complete removal of TC and OTC were not reached because of very high initial con-

centration of TC and OTC (100 mg/L). About 10% of TOC mineralization were observed for 

60 min of the photo-Fenton process despite high degradation efficiency of TC (94.6%) and 

OTC (95.0%), which indicated that TC and OTC were not completely mineralized because 

they transformed to recalcitrant compounds during the photo-Fenton process. Further discus-

sion of transformation products of TC and OTC produced by the photo-Fenton process were 

addressed in section 3.5. In order to consider expected concentration of TC and OTC in real 

pharmaceutical and livestock wastewater (Li et al., 2004; de Godos et al., 2012), the initial 

concentrations of TC and OTC (1 and 10 mg/L) were also applied to verify the effect of initial 

concentrations for the photo-Fenton process (Fig. 3a,b). At initial concentration of 10 mg/L, 

over 90% of TC and OTC degradation were achieved after 1 min. As for initial concentration 

of 1 mg/L, almost completely (over 99%) of TC and OTC degradation were achieved after 5 

min. Therefore, the photo-Fenton process is an effective way to remove both TC and OTC in 

concentration range of real contaminated water. Also, degradation efficiencies of TC and OTC 

were enhanced by decreasing initial concentration of TC or OTC. 

 

3.3. Effect of inorganic anions: Cl-, HCO3-, SO42-, and HPO42- 

 Inorganic anions could generally inhibit the generation of HO• during the photo-Fenton pro-

cess via complexing with ferrous ion or scavenging (Hassanshahi et al., 2018). As can be seen 

in Fig. 3c,d, when coexisting with 10 mM of each Cl-, SO42-, HCO3-, and HPO42-, the degrada-

tion efficiencies of TC for 60 min were 94.8, 94.8, 89.6, and 85.2%, respectively, and those of 

OTC were 95.2, 95.1, 75.2, and 72.1%, respectively. Relatively small inhibition effects were 
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observed for Cl- and SO42- because SO42- has low reactivity with HO• and Cl- can react with 

HO• to form ClOH•-, which can rapidly regenerate HO• near neutral pH values (Liu et al., 2016; 

Gao et al., 2009); thus, 10 mM of Cl- was considered to have insignificant inhibition effects on 

the degradation of TC and OTC in this study. From similar studies, there were no inhibition 

effects on the degradation of OTC using UV/H2O2 (Liu et al., 2016) and solar photo-Fenton 

(Pereira et al., 2014) process, competing with low concentration of Cl- (< 17 mM) and SO42- (< 

4 mM). However, HPO42- greatly inhibited the degradation of TC and OTC, more than HCO3- 

did, because HCO3- could generate CO3•-, which has an oxidation potential of 1.78 V (Cope et 

al., 1973), by reacting with HO•, thus, leading to the degradation of TC and OTC. Whereas, 

HPO42- not only reacted as HO• scavenger, but reacted with ferrous iron to form insoluble iron 

phosphate complexes, which greatly inhibited the Fenton reaction (Gutiérrez-Zapata et al., 

2017). Therefore, the degradation efficiencies of both TC and OTC decreased because the pres-

ence of inorganic anions generally inhibited the degradation of TC and OTC during the photo-

Fenton process, since inorganic anions acted as HO• scavengers and competitors and the order 

of inhibition was the following: HPO42- > HCO3- >> SO42- > Cl-. 

 

3.4. Effect of initial pH 

As illustrated in Fig. 4a,b, the pH range was set from 3.1 to 8.5 to investigate the influence 

of the initial pH on the degradation of each TC and OTC during the photo-Fenton process. The 

initial pH is the most important factor affecting the photo-Fenton process and the photo-Fenton 

reaction (HO• generation) is generally enhanced under acidic condition because high reactive 

Fe2+ ions are dominant (Jain et al., 2018). Similarly, in previous studies, the degradation effi-

ciencies of other antibiotics, including amoxicillin (Elmolla et al., 2009), cloxacillin (Elmolla 

et al., 2009) and ampicillin (Elmolla et al., 2009 ; Rozas et al., 2010), were steadily increased 
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by decreasing pH attributed to high HO• generation. As shown in Fig. 4c, as pH decreased from 

8.5 to 3.1, the kpCBA,obs increased from 4.17 × 10-4 s-1 to 7.27 × 10-4 s-1. However, unlike the 

degradation of pCBA, the degradation of TC and OTC was inhibited at pH 3.1. Also, TC was 

the most degraded at pH 8.5 while the degradation of OTC was the most inhibited. It should be 

noted that enhancement in their degradation rate at higher pH can be affected by increasing 

photolysis rate at UV (λ = 254 nm) and reaction rate constant with HO• by increasing the 

deprotonation degree of TC and OTC, more than generated HO• amount. There are many dis-

sociated forms of TC (TCH3+, TCH20, TCH-, TC2-) and OTC (H3OTC+, H2OTC, HOTC-, OTC2-) 

at pH range of 3.1 – 8.5, which exhibit distinct physicochemical properties. At pH 3.1, TC was 

protonated to be TCH3+, which became low reactive molecule (Mohammed-Ali, 2012) causing 

less susceptible to HO• attack. With the increase of pH, the degree of deprotonation increases 

by TCH20, TCH-, and TC2-, which results in the increasing photolysis rate. Ge et al. found that 

TC2- is the fastest degradable form for the photolysis followed by TCH- and TCH20 (Ge et al., 

2018). Moreover, TCH- (105.78 × 109 M-1 s-1) and TC2- (35.29 × 109 M-1 s-1) are highly reactive 

toward HO• than TCH20 (6.37 × 109 M-1 s-1) (Ge et al., 2018). Similarly, UV photolysis of OTC 

was the highest when deprotonated as OTC2- followed by HOTC-, H2OTC, and H3OTC+ under 

pH 3 - 11 by the increasing molar absorptivity at 254 nm (Liu et al., 2015). Also, the reactivity 

toward HO• is higher in the order: OTC2- > HOTC- > H2OTC > H3OTC+ (Liu et al., 2015). In 

spite of strong HO• scavengers, such as hydroxide anion (OH-) and hydroperoxide anion (HO2-), 

are majorly present (Buxton et al., 1988; Christensen et al., 1982), the highest degradation of 

TC was achieved at pH 8.5 due to the most highly reactive TCH-; however, degradation of OTC 

was significantly inhibited at the beginning of the reaction by the fact that the relatively slight 

increase of HO• reactivity among OTC dissociated forms might not fully overcome competing 

effect toward HO•. As a results, although the pseudo-first rate constant values of pCBA were 
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about 57.4% decreasing by increasing pH from 3.1 to 8.5, deprotonated TC (TCH-) and OTC 

(H2OTC and HOTC-) can enhance their degradation efficiencies via highly photolysis and re-

active toward HO•. Therefore, pH 5.5 might be effective to degrade TC and OTC using the 

photo-Fenton process. 

 

3.5. Identification of transformation products of TC and OTC 

The transformation products of TC (m/z 461.15, 459.14, 443.14, and 413.13) and OTC (m/z 

477.15 (two products), 475.14, 459.14, 449.15, 447.14, 433.16a,b (two products), and 415.15) 

were identified for the photo-Fenton process (Table S1). As indicated in Fig. 5a, the m/z 461.15 

transformation product from the degradation of TC was assumed to be the primary transfor-

mation product at the beginning of the photo-Fenton process, since the C11a–C12 double-bond 

of TC was a susceptible site for the HO• attack. Wang et al. (2011) also found that m/z 461 was 

attacked by free ozone or HO• during the ozonation of TC. Furthermore, the dehydration of 

C6–C5a were first observed (m/z 443.14) in this study, which belongs to the leading stable 

aromatic ring. The molar mass of the m/z 459.15 transformation product was 14 Da higher than 

that of the parent TC. This is attributed to the formation of an aldehyde group (HC=O). Also, 

the m/z 413.13 transformation product was formed by the dehydration of C6–C5a and demeth-

ylation. The transformation products of OTC were more varied than those of TC included hy-

droxylation, decarbonylation, demethylation, secondary alcohol oxidation, and dehydaration 

(Fig. 5b). The hydroxylation products (m/z 477.15) were generated by adding hydroxyl groups 

to the aromatic ring (m/z 477.15a) and C11a–C12 double-bond of OTC (m/z 477.15b). Hydro-

gen abstraction at C5 formed the m/z 459.14 product, and m/z 475.14 was formed by combin-

ing hydroxyl addition to the aromatic ring with hydrogen abstraction. The m/z 433.16a trans-

formation product was engaged in a loss of CO at C1, then m/z 449.15 was formed by further 
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hydroxyl addition to aromatic ring. Demethylation was involved in the abstraction of one me-

thyl group (m/z 447.14) and two methyl groups (m/z 433.16b) of dimethylammonium group at 

C4. Also, dehydration at C3 generated m/z 415.15. Similarly, Liu et al. (2016) reported five 

degradation pathways for OTC using the UV/H2O2 process and same seven transformation 

products (m/z 477.15 (two products), 475.14, 459.14, 449.15, 447.14, and 433.16) were ob-

served in this study. However, the m/z 433.16 (C20H20N2O9) and 415.15 (C20H18N2O8) trans-

formation products were newly observed during the photo-Fenton process. 

 

3.6 Toxicity of TC and OTC transformation products 

The EC50, 15min of TC and OTC against V. fischeri were calculated to be 104 μM (Tong et al., 

2015) and 152 μM (Yuan et al., 2011) when 200 μM of TC and OTC were used as the initial 

concentration during toxicity assessments. The toxicities for V. fischeri of TC, OTC, and their 

transformation products were investigated during the photo-Fenton process (Fig. 6). The inhi-

bition ratio of TC was the highest: 62.83% for the control sample (TC = 200 µM), then gradu-

ally decreased by increasing the reaction time of the photo-Fenton process (Fig. 6a). This result 

indicated that the toxicity for V. fischeri was attributed to the decreasing TC concentration and 

the transformation products of TC becoming less toxic than TC itself. After 60 min of the 

photo-Fenton process, the inhibition ratio of TC and its transformation products for V. fischeri 

was 13.72 %. On the other hand, the inhibition ratio of OTC (200 μM) for V. fischeri was 

estimated to be 42.85%. However, the inhibition ratios of OTC and its transformation by-prod-

ucts were higher than 90% during the photo-Fenton process (1 – 30 min) although OTC con-

centration steadily decreased (Fig. 6b). This meant that OTC was transformed into be more 

toxic compound for V. fischeri during the photo-Fenton reaction even after very short reaction 

time (1 min). Table 1 shows the predicted toxicity values of OTC and several transformation 
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products (m/z 415.15, 459.14, 475.14, and 477.15b), which were detected in all samples, by 

assessing of V. fischeri using the ECOSAR program. Three transformation products (m/z 

415.15, 459.14, and 475.14) presented significantly lower acute toxicity for all fish, daphnia, 

and green algae, while m/z 477.15b exhibited significantly higher acute toxicity for fish and 

green algae than OTC. As a result, V. fischeri toxicity was decreased after 60 min as the amount 

of m/z 477.15b product greatly decreased (Fig. 6c). Similarly, Wang et al. (Wang et al., 2018) 

reported that V. fischeri inhibition was the highest at 10 min (55%) for electrochemical oxida-

tion over a Ti/Ti4O7 anode due to more toxic transformation products with m/z 461, 432, and 

477, examined by QSAR analysis. Although a high OTC concentration (200 μM) was used for 

toxicity assessments that would not be efficiently detoxified during photo-Fenton process. 

However, these results suggested that treating OTC should be more carefully considered than 

TC when using the photo-Fenton process and sufficient time would be required to degrade 

toxic transformation products into non-toxic products. 

 

4. Conclusions 

 In this study, the degradation mechanism of TC and OTC using the photo-Fenton process 

was fully investigated, including the effects of Fenton reagent concentrations, anions, and pH; 

moreover, transformation products of TC and OTC were identified and evaluated their toxicity 

though V. fischeri inhibition and QSAR analysis. The degradation efficiencies of each TC and 

OTC was increased by increasing Fe2+ and H2O2 concentrations within the applied ranges in 

this study. Moreover, OTC is more sensitive to UV irradiation than TC, while the degradation 

of TC by HO• is higher than that of OTC. The photo-Fenton process was the most effective 

way to remove TC and OTC among other sole H2O2, UV, UV/H2O2 and Fenton process with 

short reaction time. There is a little impact on the degradation of TC and OTC with a Cl- or 
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SO42- anions at pH 5.5. A few of transformation products of TC and OTC during photo-Fenton 

process were newly identified in this study, and all observed transformation products of TC 

exhibited lower V. fischeri toxicity than that of TC. However, OTC could transform into a more 

toxic by-product to V. fischeri at the beginning of the photo-Fenton process, then further oxi-

dized to non-toxic by-product with sufficient time. Therefore, without pH adjustment, the 

photo-Fenton process could be effective to remove TC and might be efficiently treat OTC as 

long as the process is operated until possibly produced toxic by-products of OTC are totally 

detoxified. 
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Figure Captions 1 

Figure 1. Degradation efficiencies of UV, UV/H2O2 ([H2O2] = 20 – 50 mg/L), and sole H2O2 2 

(inset) processes for (a) TC and (b) OTC; and the photo-Fenton process ([H2O2] = 20 mg/L, 3 

[Fe2+] = 1 – 10 mg/L) for (c) TC and (d) OTC. The error bars represent the standard deviation 4 

of the mean (n = 4). 5 

Figure 2. (a) Comparison of degradation efficiencies of each TC and OTC using H2O2 ([H2O2] 6 

= 20 mg/L), UV (UV dose = 0.84 mW/cm2), UV/H2O2 (UV dose = 0.84 mW/cm2, ([H2O2] = 7 

20 mg/L), and the photo-Fenton processes (UV dose = 0.84 mW/cm, [H2O2] = 20 mg/L, [Fe2+] 8 

= 5 mg/L) for 30 min; (b) TOC mineralization and H2O2 consumption during the photo-Fenton 9 

processes. The error bars represent the standard deviation of the mean (n = 4). 10 

Figure 3. Effects of initial concentration of (a) TC (1, 10, and 100 mg/L) and (b) OTC (1, 10, 11 

and 100 mg/L); and inorganic anions on the degradation of (c) TC (initial conc. = 100 mg/L) 12 

and (d) OTC (initial conc. = 100 mg/L) by photo-Fenton process ([Cl-] = [HCO3-] = [SO42-] = 13 

[HPO42-] = 10 mM). The error bars represent the standard deviation of the mean (n = 4). 14 

Figure 4. The effects of pH (pH values: 3.1 – 8.5) on the degradation of (a) TC, (b) OTC, and 15 

(c) pCBA (inset = distribution at different pH values) using the photo-Fenton process. The error 16 

bars represent the standard deviation of the mean (n = 4). 17 

Figure 5. Degradation pathways of (a) TC and (b) OTC during the photo-Fenton process. 18 

Figure 6. Inhibition ratio of V. fischeri under initial (a) TC and (b) OTC concentation of 200 19 

µM at each photo-Fenton reaction time (0 – 60 min and 0 – 120 min, respectively). The error 20 

bars represent the standard deviation of the mean (n = 5). (c) Peak areas of four OTC 21 

transformation products (m/z 415.15, 459.14, 475.14, and 477.15b) during the photo-Fenton 22 

process for 120 min. 23 
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Table 1 

Acute toxicities of OTC and its transformation products determined using the ECOSAR 

program. 

m/z Fish  
(LC50, mg/L) 

Daphnia  
(LC50, mg/L) 

Green algae  
(EC50, mg/L) 

461.15 (OTC) 1.39 × 105 9435 23848 
415.15 5.22 × 106 1.93 × 106 2.43 × 105 
459.14 2.93 × 106 1.11 × 106 1.59 × 105 
475.14 8.17 × 106 2.98 × 106 3.53 × 105 
477.15b 47084 21587 6641 
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