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a b s t r a c t 

Comprehensive identification of byproducts including intermediate transformation products (TPs) of mi- 

cropollutants in source water is challenging and paramount for assessment of drinking water quality and 

treatment technologies. Here, we have developed a nontargeted analysis strategy coupled with compu- 

tational toxicity assessment to identify indistinguishable TPs including isomers with large differences in 

toxicity. The new strategy was applied to study the UV treatment of water containing micropollutant 

2-mercaptobenzothiazole (2-MBT), and it enabled successful identification of a total of 22 organic TPs. 

Particularly, the structures of nine new TPs were identified for the first time; in addition, three isomers 

(P2, P3, and P4) were distinguished from the toxic contaminant 2-hydroxybenzothiazole (2-OH-BT). Com- 

putational assessments indicate that estrogenic activity of the three isomers (P2-P4) is higher than that 

of 2-OH-BT. Mass balance study shows that the 22 organic products accounted for 70% of the 2-MBT 

degraded, while 30% may degrade to inorganic products. Most TPs are resistant to UV photolysis. Com- 

putational toxicity assessment predicted the TPs to increase inhibition of human thyroperoxidase activity 

although they have lower aquatic toxicity compared to original 2-MBT. This study emphasizes the im- 

portance of monitoring the 2-MBT photodegradation products and the overall toxicity of finished water 

whose production included a UV light-based treatment process. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Micropollutants present in both source water and recycled wa- 

er for potable reuse remain a health concern ( Alsbaiee et al., 2016 ;

erle et al., 2020 ). During water disinfection processes, microp- 

llutants can transform into a number of disinfection byproducts 

DBPs) that may have higher persistence and/or toxicity than their 

arent compounds ( Richardson and Kimura, 2017 ). Recent stud- 

es have shown that mixtures of different DBPs can produce ad- 

itive effects of cytotoxicity, genotoxicity and/or other biological 

ffects ( Lau et al., 2020 ; Mestankova et al., 2016 ). Advanced en-

ineering solutions are required to remove micropollutants and 

heir byproducts ( Bond et al., 2020 ). Therefore, it is insufficient to 

dentify only parent micropollutants for controlling drinking water 
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uality. Instead, a rather comprehensive identification of the trace 

evels of transformation products (TPs) produced during the treat- 

ent of water containing micropollutants is advisable. Comprehen- 

ive identification of TPs is analytically challenging because of their 

race levels and lack of standards and instrumental sensitivity. 

Benzothiazoles, an important group of heterocyclic compounds, 

ave multiple uses among which as fungicides in a variety of 

onsumer products (e.g. tires and food) ( Avagyan et al., 2014 ; 

e et al., 2011 ; Margenat et al., 2018 ) and as vulcanization ac- 

elerators in rubber manufacturing ( Luongo et al., 2016 ; Reddy 

nd Quinn, 1997 ). Due to their widespread use, benzothiazoles 

re listed as high production volume chemicals. Particularly, 2- 

ercaptobenzothiazole is most widely used in rubber plumbing 

omponents that are in contact with drinking water. The esti- 

ated annual production in the early 20 0 0s exceeded 40,0 0 0 

ons in Western Europe alone. Consequently, benzothiazoles have 

een widely detected at concentrations ranging from sub-ng/L 

https://doi.org/10.1016/j.watres.2020.116542
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116542&domain=pdf
mailto:yanpeng@ualberta.ca
mailto:xingfang.li@ualberta.ca
https://doi.org/10.1016/j.watres.2020.116542
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o mg/L levels in tap water, groundwater, and surface waters 

 Liao et al., 2018 ; Seel and et al., 2012 ; Wang et al., 2016 ). For

nstance, the occurrence of 2-MBT was reported in the drink- 

ng water of Ahvaz city, in water samples collected from the 

arun river ( Esmaile et al., 2020 ) and the riverine runoff of 

he Pearl River Delta with average concentrations of 24.3 −87.4 

g/L ( Ni et al., 2008 ). Toxicity studies of benzothiazoles have 

hown potential adverse effects on aquatic organisms and human 

ealth ( Avagyan et al., 2014 ; Fries, 2011 ; Rodríguez et al., 2004 ;

ang et al., 2016 ), including genotoxicity, cytotoxicity, carcino- 

enicity, as well as modulation of the thyroid hormone ( Liao et al., 

018 ). The predicted no effect concentration (PNEC) and low- 

st observed effect concentration (LOEC) were reported as 0.82 

g/L and 78 μg/L, respectively ( European Union (EU), 2008 ). Addi- 

ionally, occupational exposure to 2-MBT is potentially associated 

ith an increased risk of developing bladder cancer in workers 

 Sorahan, 2009 ; USEPA, 2016 ). 

Current wastewater treatment processes such as UV disinfec- 

ion, chlorination and ozonation either do not result in the efficient 

emoval of micropollutants containing the benzothiazole structural 

ntity ( Liao et al., 2018 ) or can lead to byproducts preserving the

enzothiazole ring such as 2-hydroxybenzothiazole and benzothia- 

ole (BT) in the treated water ( Fiehn et al., 1998 ). Existing stud-

es indicate that benzothiazoles can transform to other products 

uring water treatment, but comprehensive identification of their 

ransformation products is still desirable. Understanding the for- 

ation of TPs during the water treatment and their impact on wa- 

er quality as a whole is critical for ensuring safe water for people 

nd the aquatic species. 

UV light-based advanced oxidation processes (UV/AOPs) were 

idely implemented to remediate natural waters or recycled water 

rom persistent micropollutants while achieving enhanced disinfec- 

ion, for the purpose of potable water production ( Stefan, 2018 ). 

everal studies have reported that UV-based AOPs are efficient 

t degrading benzothiazoles in water ( Andreozzi et al., 2001 ; 

abibi et al., 2001 ; Malouki et al., 2004 ; Redouane-Salah et al., 

018 ; Serdechnova et al., 2014 ; Zajíčková and Párkányi, 2008 ). The 

hotodegradation kinetics of several benzothiazoles were also re- 

orted ( Bahnmüller et al., 2015 ; Serdechnova et al., 2014 ; Zajíčková

nd Párkányi, 2008 ), but their transformation products largely re- 

ain unknown. For instance, previous studies reported that the 

hotochemical degradation of 2-MBT mainly resulted in the forma- 

ion of BT and 2-OH-BT, while up to 68% of products were uniden- 

ified primarily due to the inability of the employed methods 

o detect accurately low analyte concentrations ( Brownlee et al., 

992 ). Therefore, highly sensitive methods are required for com- 

rehensive identification and quantification of the TPs of benzoth- 

azoles ( Han and Zhang, 2018 ; Jiang et al., 2020 ). 

Recent studies highlighted the ability of nontargeted analysis 

sing high resolution mass spectrometry (HRMS) to obtain com- 

rehensive information about the unknown TPs at trace levels in 

astewater and drinking water ( Fu et al., 2017 ; Liberatore et al., 

017 ; Tang et al., 2020 ; Tang et al., 2016 ). Herein, we report on

he development of a novel nontargeted strategy using high per- 

ormance liquid chromatography–high resolution mass spectrome- 

ry (HPLC-HRMS) to comprehensively identify molecular structures 

f the unknown products of 2-MBT in water upon UV treatment. 

he identified TPs were confirmed when standards were available. 

he mass balance of TPs was analysed over the UV degradation 

f 2-MBT. Based on the identified TPs and their patterns over the 

V exposure times we postulated the mechanism of 2-MBT pho- 

odegradation. Lastly, we applied established computational assess- 

ent methods to evaluate potential aquatic toxicity and the effects 

f 2-MBT and its TPs on the enzyme/hormones regulating the thy- 

oid function to identify the TPs of toxicological relevance. To the 

est of our knowledge, this is the first study reporting on mass 
2 
alance in combination with the computational toxicity estimates 

or unknown TPs and their isomers generated during UV photolysis 

f benzothiazoles in water. The outcomes of this study on 2-MBT 

hotolysis raise the awareness on the need for a comprehensive 

pproach to the examination of micropollutant treatment in water 

nd on potential unintended consequences on the treated water 

uality. 

. Materials and methods 

.1. Chemicals and solutions 

2-Mercaptobenzothiazole (2-MBT) (97%), benzothiazole 

BT) (96%), 2-hydroxybenzothiazole (2-OH-BT) (98%), 2- 

enzothiazolesulfonic acid potassium salt (2-SO 3 -BT), and 

-aminobenzaldehyde ( ≥98%) were obtained from Sigma- 

ldrich (St. Louis, MO, USA). Benzo[d]thiazol-4-ol (4-OH- 

T) (98%), benzo[d]thiazol-5-ol (5-OH-BT) ( ˃95%), and 6- 

ydroxybenzothiazole (6-OH-BT) ( ˃95%) were obtained from BLD 

harmatech (Shanghai, China). Potassium phosphate monobasic 

KH 2 PO 4 ) (99%), sodium hydroxide (NaOH) (99%), Optima LC/MS 

rade water, methanol (MeOH), acetonitrile (ACN), formic acid (FA, 

8% in water) for mass spectrometry were purchased from Fisher 

cientific (Ottawa, ON, Canada). Phosphoric acid (H 3 PO 4 ) (85%) 

as obtained from Caledon Laboratories Ltd (Georgetown, ON, 

anada). 

The 2-MBT (10 mg/mL) stock solution was prepared in ACN 

very two weeks and kept in amber glass vials with minimum 

eadspace to reduce/eliminate the slow oxidation of 2-MBT in 

he dark by the oxygen present at ambient conditions. Stock so- 

utions for other BT derivatives and 2-aminobenzaldehyde (0.33–

0 mg/mL) were prepared individually in ACN. All stock solutions 

ere stored in amber glass vials in the refrigerator at 4 °C. The 

tock solutions of KH 2 PO 4 (50 mM), NaOH (100 mM), and H 3 PO 4 

100 mM) were prepared separately in Optima water. Phosphate 

uffer (0.5 mM) was prepared by diluting the concentrated stock 

H 2 PO 4 solution and adjusting pH to the required value using 

aOH or H 3 PO 4 stock solutions. 

.2. UV experimental set-up 

UV photolysis of 2-MBT was performed with a bench scale col- 

imated beam device as shown in Fig. S1 . Two-8W UVC germicidal 

amps (LZC-UVC-01, Luzchem Research Inc., Ottawa, ON, Canada), 

mitting primarily at 253.7 nm, were mounted at the top center of 

he photoreactor (Luzchem-LZC-4V). The aperture diameter for the 

ollimated UV light beam was 11.5 cm. Sample aliquots of 46 mL 

ere transferred to a crystallizing dish (60 mm diameter × 35 mm 

epth) (VWR, Radnor, PA, USA) and exposed to the UV radiation 

or predetermined periods of time. The distance from the lamps 

o the solution surface was 17.9 cm and the sample depth was 2.1 

m. The UV irradiance at the surface of water was measured with 

 UVX model digital radiometer. During the irradiation, the water 

ample was stirred continuously. The average UV fluence was cal- 

ulated according to the standardized method reported by Bolton 

nd Linden ( Bolton and Linden, 2003 ). Details on the UV fluence 

alculations are given in Section S1 and Table S1 . In this study, 

he target UV fluences were set at 50 0, 10 0 0, 20 0 0, 30 0 0, 40 0 0,

0 0 0, and 60 0 0 mJ/cm 

2 . 

For the UV irradiation experiments, the 2-MBT (about 500 μg/L) 

orking solution was prepared by adding 50 μL of 2-MBT stock so- 

ution (10 mg/mL in ACN) to 1-L volumetric flask with phosphate 

uffer (0.5 mM) at pH 7.6. The ACN content in the working so- 

ution was 0.005%. The working solution was protected from the 

mbient light with aluminum foil over the duration of the experi- 

ents. The UV absorbance of the working solution was measured 
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n triplicate within 1 h before irradiation to confirm the complete 

issolution and stability of 2-MBT, and an average value was con- 

idered for UV fluence calculation. At the end of each exposure, a 

0-mL aliquot of UV-irradiated 2-MBT solution was taken for im- 

ediate UV absorbance measurement. A 2-mL aliquot was taken 

or HPLC-MS analysis without pretreatment. The remaining irradi- 

ted solution was kept for inductively coupled plasma mass spec- 

rometry (ICP-MS) and IC analysis. All aliquots were kept in amber 

lass vials without headspace. 

.3. Nontargeted HPLC-HRMS analysis 

The analytes in the 2-MBT solutions before and after UV ir- 

adiation were separated on an Accucore C18 column (150 × 2.1 

m i.d., 2.6 μm; pore size, 80 Å; Thermo Scientific, Waltham, 

A, USA) using an Agilent HPLC system (Agilent 1290 HPLC). A 

uadrupole time-of-flight (QTOF) high-resolution mass spectrom- 

ter (SCIEX X500R; SCIEX, Concord, ON, Canada) with a Turbo-V 

lectrospray ionization (ESI) source was used in positive and nega- 

ive modes to obtain accurate mass measurements of the [M + H] + 

r [M-H] − ions. The details of the HPLC-HRMS conditions were de- 

cribed in Section S2 . Tandem mass (MS/MS) spectra were col- 

ected for each sample using information dependent acquisition 

IDA) mode. The scan cycle of IDA contained two experiments. 

he first experiment was designed to run a full scan analysis and 

he second experiment was used to collect MS/MS spectra of 10 

ost intense molecular ions whose intensity exceeded a desig- 

ated value (i.e., 10 0 0 cps in this study). The IDA parameters were

resented in Section S3 . 

Qualitative and quantitative data analysis was performed using 

CIEX OS software. A nontargeted strategy was used for identifica- 

ion of 2-MBT and its degradation products. In detail, each solu- 

ion before and after UV treatment for 1.5 min to 25 min was an-

lyzed using nontargeted analysis of the HPLC-HRMS under prede- 

ned parameters. The acquired HPLC-HRMS data file contained the 

etention time, [M + H] + from positive ESI or [M-H] − from negative 

SI, and peak intensity. By comparing the data from the sample (2- 

BT solutions exposed to the UV radiation) to the control (2-MBT 

olutions kept in the dark), we identified peaks that were detected 

xclusively in the sample, but not in the control. A peak was con- 

idered as a newly formed product when its signal intensity in the 

ample was 10 times higher than the background. For the identifi- 

ation of the degradation products generated during the UV expo- 

ure of 2-MBT solutions, we acquired the accurate m/z ([M + H] + or 

M-H] −) and MS/MS spectra of the products using the IDA exper- 

ments. Commercial authentic standards when available were pur- 

hased for confirmation of the products. Additionally, the quantita- 

ion of the new compounds was performed using external calibra- 

ion curves. 

.4. Analysis of inorganic anions 

Ion chromatography (Dionex DX-600) was used to examine the 

eneration of inorganic degradation products (i.e., NO 2 
−, NO 3 

−, 

nd SO 4 
2 −) from UV irradiation of 2-MBT solutions. The work was 

one in the Biogeochemical Analytical Service Laboratory (BASL) at 

he University of Alberta using the US EPA Method 300.1. The to- 

al of NO 2 
− and NO 3 

− was measured using a Lachat QuickChem 

C8500 flow injection analysis automated ion analyzer at BASL as 

escribed in the US EPA Method 353.2. 

.5. Computational assessment of aquatic toxicity and effects on 

hyroid enzyme function 

The aquatic toxicity of 2-MBT and its TPs was assessed us- 

ng the ecological structure activity relationships (ECOSAR) model 
3 
 USEPA, 2020 ). Herein, fish was selected as a target aquatic species 

ue to the significance as food for many species including humans. 

he aquatic toxicity to fish is expressed as median lethal concen- 

ration (LC 50 ) after fish 96-h exposure. The lowest effect concen- 

ration was reported considering the conservative prediction for 

he precautionary principle. To assess potential human health ef- 

ects, we examined effects of 2-MBT and its TPs on thyroid hor- 

ones using Danish QSAR database consisting of over 650,0 0 0 

ompounds ( Danish(Q)SAR 2015 ; Rosenberg et al., 2016 ). Thyroper- 

xidase (TPO) is the key enzyme for synthesise of thyroid hor- 

ones, thus we focused on the inhibition effect of 2-MBT and TPs 

n TPO activity. The Danish QSAR model predicts probability ( p ) 

alue between 0 and 1 for a test compound to inhibit TPO activ- 

ty: as the p value close to 1, the ability of the test compound to

nhibit TPO activity is higher. 

In addition to the tests described above, the estrogenic activ- 

ty of transformation products was evaluated using VirtualToxLab 

ackage ( Vedani et al., 2015 ; Vedani et al., 2012 ; Vedani and

miesko, 2009 ). 

. Results and discussion 

.1. Nontargeted identification of TPs: positive ESI 

Initial UV spectrometry measurements of the samples before 

nd after UV irradiation indicated the photodegradation of 2-MBT, 

upported by the appearance of a new product peak at ~217 nm 

nd a significant change in the UV spectrum ( Fig. S2 ). Total ion 

hromatographs recorded during HPLC-MS analysis only show the 

isappearance of 2-MBT but no information on byproducts ( Fig. 

3 ). The details are described in Section S4-5 of Supplementary 

nformation. In order to identify the 2-MBT transformation prod- 

cts and characterize their dynamics upon UV exposure, we have 

eveloped and applied a nontargeted comprehensive analytical ap- 

roach. The nontargeted strategy involves acquisition of full scan 

S data (m/z 50-500) of the treated and untreated samples, com- 

aring the full scan data of the sample with the control to identify 

ew products, and followed by a second run in IDA mode to ac- 

uire MS/MS spectra of the new products. 

Through comparison of the MS data (m/z 50-500) of the treated 

amples with the control sample without UV irradiation, twelve 

nknown peaks were consistently detected in the UV treated sam- 

les using HPLC-QTOF-MS in positive ESI mode. Fig. 1 shows the 

xtracted ion chromatograms (EICs) of the unknowns (peaks P1–

12) discovered using the nontargeted strategy. Among the un- 

nowns, peaks P2–P5 had the same m/z value of 152.0176 but 

luted at different retention times, indicating that they are iso- 

ers. Similarly, peaks P8–P12 are isomers of m/z value of 168.0125. 

able 1 summarizes the m/z values, retention times, predicted 

olecular formulas, and the corresponding mass errors of the 

welve TPs (peaks P1-12), as well as their confidence levels ac- 

ording to Schymanski scale ( Schymanski et al., 2014 ). The deter- 

ination of the accurate masses of the detected TPs enabled the 

rediction of their molecular formulas. The difference between the 

heoretical and measured molecular weights of the TPs was less 

han 10 ppm, supporting their tentative identification. 

To further elucidate the structures of the detected 12 TPs 

 Table 1 and Fig. 1 ), we used the method of HPLC-QTOF-MS in IDA

ode. The IDA method acquired the accurate mass of precursor 

ons by TOF full scans followed by the MS/MS spectra of the prod- 

ct ions. P7 was detected as one of the major products. The proto- 

ated molecular ion of P7 ( m/z 136.0226) predicted its molecular 

ormula as C7H5NS that matched with benzothiazole (BT). Next, 

7 was confirmed by matching its retention time ( Fig. 1 ), MS and

S/MS spectra with those of the benzothiazole standard ( Fig. 2 ). 

hus, P7 was confirmed as benzothiazole. Furthermore, P1 differed 
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Fig. 1. (a) EICs of unknowns P1–P12 detected in the 2-MBT solution exposed to a UV fluence of 30 0 0 mJ/cm 

2 (b) EICs of BT standards. Note: 6-OH-BT, 5-OH-BT, and 4-OH-BT 

were plotted against the right y-axis. 

Table 1 

Unknowns detected by nontargeted analysis for 2-MBT treated with UV. 

Unknowns Mass/charge ESI polarity Retention time (min) Predicted molecular formula Mass error (ppm) Confidential Level 

P1 215.9797 Pos 2.28 [C7H5NO3S2 + H] + 6.0 Level 1 

P2 152.0176 Pos 2.63 [C7H5NOS + H] + 7.2 Level 1 

P3 152.0176 Pos 2.83 [C7H5NOS + H] + 7.2 Level 1 

P4 152.0176 Pos 3.56 [C7H5NOS + H] + 7.2 Level 1 

P5 152.0176 Pos 4.38 [C7H5NOS + H] + 7.2 Level 1 

P6 122.0613 Pos 4.64 [C7H7NO + H] + 10 Level 1 

P7 136.0226 Pos 6.26 [C7H5NS + H] + 8.1 Level 1 

P8 168.0125 Pos 1.99 [C7H5NO2S + H] + 6.5 Level 3 

P9 168.0125 Pos 2.23 [C7H5NO2S + H] + 6.5 Level 3 

P10 168.0125 Pos 2.52 [C7H5NO2S + H] + 6.5 Level 3 

P11 168.0125 Pos 2.96 [C7H5NO2S + H] + 6.5 Level 3 

P12 168.0125 Pos 3.67 [C7H5NO2S + H] + 6.5 Level 3 

P13 181.9916 Neg 1.93 [C7H5NO3S - H] − 0.6 Level 3 

P14 245.9350 Neg 2.26 [C7H5NO3S3 - H] − 3.2 Level 3 
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rom P7 with a unit of SO 3 as well as a fragment ion matched

ith [M-SO3] + ( Fig. 2 ). After comparing the retention time and 

S/MS spectrum of P1 with the standard BT-SO 3 , we confirmed 

1 as benzothiazole-2-sulfonic acid (2-SO 3 -BT). 

Peaks P2–P5 had a protonated molecular mass of 152.0176, 

hich differed from benzothiazole (P7) by an oxygen atom, indi- 

ating an oxygen atom added to the benzothiazole structure. In 

he MS/MS spectra of P2–P5, a characteristic fragment ion of m/z 

34.0056–134.0067 was detected, corresponding to the loss of the 

OH group from the precursor molecule (i.e, [M-OH] + ). This ob- 

ervation strongly suggested that P2–P5 were mono-hydroxylated 

enzothiazole isomers. To confirm the identity of each isomer, we 

ompared P2–P5 with commercially available standards. As shown 

n Figs. 1-2 , the retention times and MS/MS spectra of P2-P5 

atched those of standards 6-OH-BT, 5-OH-BT, 4-OH-BT, and 2- 
4 
H-BT, respectively. 2-OH-BT was confirmed with the standard 2- 

ydroxybenzothiazole. Additionally, the product 2-OH-BT can ex- 

st in two tautomeric forms as shown in Fig. S4. Similarly, P6 had 

 predicted molecular formula of C 7 H 7 NO ( Table 1 ) without any

 atoms. Upon examination of the MS/MS spectrum and compari- 

on with the standards, P6 was confirmed as 2-aminobenzaldehyde 

Section S6 and Figs. 1 and 2 ). 

Low intensity peaks were also detected using the nontargeted 

trategy. For example, five peaks were detected with retention 

ime values of 1.99, 2.23, 2.52, 2.96 and 3.67 min. Due to the 

ow intensity of the MS signals, acquisition of the MS/MS spectra 

f these peaks was difficult. However, based on the one MS/MS 

pectrum collected ( Fig. S5 ), we observed two equivalent mass 

osses (18.0121 and 17.9986), suggesting that this compound pos- 

ibly contains two hydroxyl groups. The fragment 132.0041 also 
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Fig. 2. MS/MS spectra collected from the 2-MBT solution after exposure to a UV fluence of 40 0 0 mJ/cm 

2 (blue) and commercially available BT standards (black). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 3. (a) EICs of unknowns P13 and P14 detected in the 2-MBT solution exposed to a UV fluence of 30 0 0 mJ/cm 

2 MS/MS spectrum for (b) 181.9 at 1.9 min and (c) 245.9 

at 2.3 min. 

m

c

t

B

d

t

3

v

s  

P

i

(

i

(

d

a

l

o

m

(

m

7

t

s

a

atched with [BT-2H] + , indicating that the parent molecule may 

ontain the BT core structure. Thus, it is reasonable to tenta- 

ively identify P8–P12 as the isomers [BT-(OH) 2 ] of di-hydroxy- 

Ts and their tautomers. Because of the lack of authentic stan- 

ards, the confirmation of these structures was not possible at this 

ime. 

.2. Nontargeted identification of TPs: negative ESI 

Using negative ESI, the nontargeted LC-HR-MS/MS strategy re- 

ealed two additional unknowns in the irradiated 500 μg/L 2-MBT 

olution ( Table 1 ). Fig. 3 a shows the EICs of the two unknowns

13 and P14. The intensity of these two peaks was too weak to 

dentify their structures. To obtain better quality MS/MS spectra 
5 
 Fig. 3 b-c) for the structure identification, we performed the UV 

rradiation of a 2 mg/L 2-MBT solution. The accurate mass of P13 

181.9913) predicted its molecular formula as C 7 H 5 NO 3 S. The mass 

ifference between its deprotonated molecular mass (181.9913) 

nd fragment ion m/z 118.0296 is 63.9617, corresponding to the 

oss of an SO 2 (calculated mass: 63.9618) group. Additional loss 

f a CO (calculated mass: 27.9949) group and a C 7 H 4 N (calculated 

ass: 102.0344) fragment were observed from 118.0296 to 90.0346 

observed mass loss: 27.9950) and 181.9913 to 79.9567 (observed 

ass loss: 102.0346), respectively. Furthermore, a fragment of 

9.9567 matched with SO 3 (calculated mass: 79.9573). Based on 

hese MS/MS fragments and mass losses, we proposed two pos- 

ible structures, namely, benzo[d]thiazol-2(3H)-one 1,1-dioxide (A) 

nd 2-oxa-2H-1,4-benzothiazine 1,1-dioxide (B), as depicted in Fig. 
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Scheme 1. Proposed pathways of formation of the transformation products generated during the photodegradation of 2-MBT at UV 253.7 nm (Note: structures in blue solid 

line box (P1-P7) were confirmed using commercially available standards. Structures in in dotted line box (P8-P22) were putatively identified using accurate MS and MS/MS 

spectra.). 
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6 . The simulated MS/MS spectra of the proposed structures were 

btained using the SCIEX OS software, which were further com- 

ared with the experimental spectrum of P13 ( Fig. 3 b). The sim- 

lated spectra of structures (A) and (B) matched that shown in 

ig. 3 b at 61.6% and 93.5%, indicating that P13 has a closer resem-

lance to structure (B), i.e. 2-oxa-2H-1,4-benzothiazine 1,1-dioxide. 

Similarly, the accurate mass of P14 predicted its molecular for- 

ula of C 7 H 5 NO 3 S 3 and its characteristic fragment ions of m/z 

34.0067 and 165.9790 corresponded to BT and deprotonated MBT, 

espectively. The detection of MBT fragment of m/z 165.9790 indi- 

ated that an S atom was within the BT core structure. The mass 

ifference between the parent ion of m/z 245.9365 and a fragment 

on of m/z 165.9790 was 79.9575, corresponding to a neutral loss 

f SO 3 . Therefore, P14 was rationally identified as MBT-SO 3 . 

The UV irradiation of 2-MBT at higher concentration (2 mg/L) 

nabled the detection of additional unknown products associated 

ith peaks P15–P22 in Fig. S7 . Under the original LC conditions, 

hese new peaks overlapped, making their identities ambiguous. 

o clarify whether these peaks were degradation products or frag- 

ents of larger molecules produced in the ESI source, we modified 

he LC method to improve their separation. As shown in Figs. S8 - 

9 , these peaks between the two red lines were resolved from each 

ther under the optimized LC conditions of Fig. S9 . This supports 

hat these peaks resulted from UV degradation, not fragments in 

he ion source. Table S2 presents the accurate masses and the 

olecular formula of these TPs, including the eight compounds de- 

ected in Fig. S7 . The MS/MS spectra ( Figs. S10–S13) were also ac- 

uired for the peaks listed in Table S2 . The two spectra in Figs.

10–S13 are very similar, indicating that these are structure iso- 

ers. For example, in Fig. S10a-b , the presence of fragments of 

34.0057 ( (a) and (b) ) and 165.9789 (a) /165.9815 (b) suggested that 

oth P15 and P16 had the [M-H] − of 245.9350 and molecular for- 

ula of C 7 H 5 NS 3 O 3 and contained the 2-MBT structure. Mean- 

hile, the mass difference between the fragment ion 181.9 and 

he parent ion 245.9 matched with the loss of an SO 2 unit. The 

ass difference between the fragment ion 165.9 and parent ion 

45.9 matched with the loss of an SO unit. Therefore, the P15 and 
3 

6 
16 were rationally identified as 2-MBT derivatives with a -O-SO 2 H 

roup. 

P17 and P18 had similar MS/MS spectra suggesting them as iso- 

ers, as shown in Fig. S11 a and b . For instance, the mass dif-

erence between m/z 229.9620 and m/z 165.9973 matched with 

he loss of an SO 2 unit, while the mass difference between m/z 

29.9620 and 201.9664 corresponded to the loss of -CO. In addi- 

ion, the fragment ions of m/z 150.0031/150.0045 matched with 

he deprotonated hydroxylated BT. Thus, P17 and P18 were iden- 

ified as BT derivatives substituted with two -OH groups and one 

SO 2 group. Similarly, the MS/MS spectra of P19 and P20 ( Fig. 

12a-b ) suggested them as BT derivatives substituted with one - 

H group and one -SO 2 group. 

The accurate masses of the unknowns P21 and P22 predicted 

heir molecular formula of C 6 H 7 NS 2 O 3 , indicating the opening of 

he BT core structure. The mass shift from 203.9790 to 171.0019 

as 32.9771, in agreement with the loss of an -SH group. The 

ass shift from 203.9790 to 124.0234 is 79.9556, matched with 

he loss of an -SO 3 unit. These suggested that P21 and P22 resulted 

rom the opening of a thiazole ring and with the loss of a carbon, 

.e., the 2-aminothiophenol structure. P21 and P22 were identified 

s 2-aminothiophenol-SO 3 . The accurate mass and MS/MS spectra 

f the unknowns P15–22 suggested their structures as shown in 

cheme 1 . 

In short, the nontargeted HPLC-HRMS approach enabled the 

dentification of the nine new products (P2-P4, P13-P16, P21- 

22) for the first time, adding new information about the pho- 

odegradation of 2-MBT to previously reported products including 

enzothiazole-2-sulfonate (P1), 2-hydroxybenzothiazole (P5), ben- 

othiazole (P7) in wastewater effluents and surface water (Sum- 

arized in Table S3) ( Li et al., 2006 ; Malouki et al., 2004 ;

erdechnova et al., 2014 ; Zajíčková and Párkányi, 20 08 ; 20 09 ). The

ccurrence of these products (P1, P5, P7) was also reported during 

he biological treatment of wastewater in Germany ( Kloepfer et al., 

0 04 ). Reemtsma (20 0 0) showed that the concentrations of P1 and

5 in the wastewater effluent were 2.6 and 20 times higher than 

heir concentrations at the plant intake, respectively, indicating 
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Fig. 4. Change of intensity of 2-MBT and its UV transformation products (P1–P22) with UV fluence. 
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he formation of these products during the treatment processes. 

articularly, identification of isomeric new products (P2-P4) of 2- 

ydroxybenzothiazole (P5) demonstrates the capability of the new 

ontargeted HPLC-HRMS strategy developed and implemented in 

his study. These new TPs were further evaluated for their toxico- 

ogical relevance as described in Section 3.5 . 

.3. Quantification of organic and inorganic TPs 

Fig. 4 shows the intensities of the major and minor UV degra- 

ation products of 2-MBT in a solution of pH 7.6 with varying UV 

uence. As the UV fluence increases from 500 to 60 0 0 mJ/cm 

2 , 2-

BT decreased rapidly. The majority of the TPs increased with the 

ncreasing UV fluence, whereas five of the TPs (P12 and P14–16) 

rst increased and then decreased, indicating that they are suscep- 

ible to UV photolysis. On the contrary, the majority of formed TPs 

e.g. P1, P2, P4, P5, P8, P10, P18) appear to accumulate in the solu- 
7 
ion, which indicates that they are relatively resistant to UV degra- 

ation as compared to the original 2-MBT. 2-Aminobenzaldehyde 

P6) was not detected until the UV fluence reached 10 0 0–20 0 0 

J/cm 

2 . This suggested that 2-aminobenzaldehyde was likely a 

econdary product. 

Using the available standards and external calibration curves, 

e quantified 2-MBT and the major degradation products gener- 

ted during the UV (253.7 nm) irradiation of 2-MBT solutions. The 

esults are summarized in Fig. S14 . Because all the major trans- 

ormation products ( Scheme 1 P1-5 and P7) contained the BT core 

tructure, we rationally proposed that one 2-MBT molecule pro- 

uced one molecule of the degradation product. Fig. S15 shows 

he molar fraction of remaining 2-MBT and each degradation prod- 

ct as a function of UV fluence. At an UV fluence of 30 0 0 mJ/cm 

2 ,

pproximately 13% of 2-MBT remained while the sum of the ma- 

or degradation products accounted for approximately 57% of the 

riginal 2-MBT. In total, approximately 70% of the original 2-MBT 



P. Jiang, J. Qiu, Y. Gao et al. Water Research 188 (2021) 116542 

c

A  

c

s

c

b

~

i

S

~

c

p

S

t

A  

l

m

o

l

s

c

d

a

t

o

e

a  

U

S

s

t

v  

f

a  

t

i

M

3

a

(

T

u

s

s  

c

f

d

P

T

e

p

a

s  

1

t

i

s

s

a

3

p  

m

t

w

3

M

r

i

a

G  

p

t

t

m

2

T

b

U

<  

t

(

o

t  

n

f

b

d

h

t

t

(

t

T

a

P

t

c

t

t

b

h

t

w  

t

S

(

i

a

a

4

g

n

w

c

T

i

s

i

d

an be tracked using our LC-MS method while 30% is missing. 

t an UV fluence of 60 0 0 mJ/cm 

2 , the missing mass balance in-

reased to 40% ( Table S4 ). The missing balance could be repre- 

ented by the TPs that were not quantified due to the lack of 

ommercially available standards. Alternatively, 2-MBT could have 

een partly mineralized to inorganic products. At a UV fluence of 

40 mJ/cm 

2 which is typically employed for drinking water dis- 

nfection, no noticeable degradation of 2-MBT was observed (Fig. 

15). At a UV fluence of ~10 0 0 mJ/cm 

2 which would degrade 

90% of N-nitrosodimethylamine (NDMA) in potable reuse appli- 

ations, approximately 50% 2-MBT was photolyzed to the major 

roduct BT along with minor products 2-SO 3 -BT and 2-OH-BT (Fig. 

16). Of note, both 2-MBT and its byproducts are very efficiently 

reated via hydroxyl radical-initiated oxidations in the UV/H 2 O 2 

OP ( Bahnmüller et al., 2015 ; Andreozzi et al., 2001 ), which is

argely practiced at drinking water and potable reuse water treat- 

ent plants around the world. 

To investigate the inorganic degradation products, we carried 

ut ICP analysis of the total sulfur (S) content in the 2-MBT so- 

utions before and after UV treatment without pretreatment of the 

amples ( Fig. S17 ). The S content in the irradiated sample did not 

hange significantly compared to the initial 2-MBT solution, in- 

icating that all the sulfur from 2-MBT remained in the sample 

fter UV radiation. Furthermore, to track the missing sulfur con- 

ent, we hypothesized that other S-containing organic compounds 

r S-containing inorganic ions such as SO 4 
2- are also formed. IC 

xperiments provided a limit of detection of 0.04 mg/L for SO 4 
2 −

nd 6 μg/L for N in NO 2 
−+ NO 3 

−. Figure S18 shows that increasing

V fluence for treatment of 2-MBT increased the concentrations of 

O 4 
2- and NO 2 

−+ NO 3 
− formed. The formation of SO 4 

2- likely re- 

ulted from the oxidation of the thiol group of 2-MBT. Additionally, 

he opening of the thiazole ring to form 2-aminobenzaldehyde in- 

olved the loss of S, which can lead to the formation of SO 4 
2 −. The

ormation of SO 4 
2- has also been observed from the gamma radi- 

tion process of 2-MBT ( Bao et al., 2016 ). It is unclear how pho-

odegradation of 2-MBT led to the formation of NO 2 
−+ NO 3 

−, but 

t may have resulted from the oxidation of the thiazole ring of 2- 

BT and/or the TPs containing the N atom. 

.4. Proposed UV degradation pathways of 2-MBT 

Based on the structures of the identified TPs and mass bal- 

nce results, the degradation pathways of 2-MBT with the UV 

253.7 nm) radiation is tentatively proposed as shown in Scheme 1 . 

he excited singlet state of 2-MBT ( 1 MBT ∗) is initially formed 

pon the absorption of UV radiation by 2-MBT. The excited singlet 

tate likely deactivates rapidly to the longer-lived excited triplet 

tate ( 3 MBT ∗) ( Koyama and Orr-Ewing, 2016 ). The main product P7

ould be formed via C—SH bond cleavage, further resulting in the 

ormation of hydroxylated products P2-P5, P8-P12. The photooxi- 

ation of -SH group could be the route to the sulfonic products 

1, P14-P16, which in turn are the precursors of products P17-P20. 

hiazole ring opening likely occurring at higher UV energies deliv- 

red to the samples would explain the formation of the observed 

roducts P6, P13, P21-P22, as well as of the inorganic ions. 

The extensive investigation of pH effect on 2-MBT photolysis 

nd on byproduct formation and characterization was beyond the 

cope of this work. Only two tests were performed at pH 3 and pH

0 for the purpose of observing the pH impact on 2-MBT degrada- 

ion and major primary byproduct profiles. The trends are shown 

n Fig. S19. At pH 3, a minimal degradation of 2-MBT was ob- 

erved over the entire UV fluence range. This observation is con- 

istent with the low quantum yield ( �<< 0.01) and small molar 

bsorption coefficient ( ε~550 m 

2 /mol) of 2-MBT at 254 nm at pH 

 as compared to the values of these photochemical parameters at 

H ~8-10 ( �~0.025; ε~800 m 

2 /mol) ( Bahnmüller et al., 2015 ). The
8 
ajor primary byproducts were identical at the three pH values 

ested, with BT, 2-OH-BT and 2-SO3-BT concentrations increasing 

ith the pH increase. 

.5. Computational toxicity assessment of 2-MBT and its organic TPs 

To evaluate toxicological relevance of the twenty-two TPs of 2- 

BT, we conducted computational quantitative structure–activity 

elationship (QSAR) analysis using the established models, includ- 

ng ECOSAR, Danish QSAR database, and VirtualToxLab package, 

s previously described ( Danish(Q)SAR 2015 ; Gao et al., 2015 ; 

ao et al., 2014 ; Rosenberg et al., 2016 ; USEPA, 2020 ). These QSAR

redictive results, as shown in Table S5, Figs. S20-22 and Sec- 

ion S7 , include fish (LC 50 ) indicating aquatic toxicity and inhibi- 

ion of thyroperoxidase (TPO) indicating potential effects on hu- 

an health. The aquatic toxicity of the TPs is lower than that of 

-MBT. Interestingly, the TPs are predicted to increase inhibition of 

PO activity compared to 2-MBT. 

The LC 50 value of original 2-MBT to fish was predicted to 

e 1.57 mg L −1 . According to the toxicity criteria by European 

nion (Directive 67/548/EEC), 2-MBT is classified as Toxic Level (1.0 

 LC 50 < 10.0 mg L −1 ). Four TPs (P5 and P8-P10) were predicted

o have LC 50 (3.79 - 9.48 mg L −1 ), slightly higher than 2-MBT 

 Fig. S20 ), but within the Toxic Level defined by EUC. Similarly, 

ther seven TPs (P2-P4, P6-P7, P11-P12) were classed as harmful 

o fish (10.0 < LC 50 < 100.0 mg L −1 ), and the remaining TPs were

on-harmful (LC 50 > 100.0 mg L −1 ). Thus, the adverse effects of 

our products (P5 and P8-P10) on aquatic organisms should not 

e ignored, although their aquatic toxicity decreased with the UV 

egradation of 2-MBT. 

2-MBT has been reported to disrupt thyroid hormones by in- 

ibiting thyroxine release. TPO is the enzyme that synthesizes 

hyroid hormones. Computational predictions of TPs as compared 

o 2-MBT are shown in Fig. S21 . Herein, the probability (p) 

 Rosenberg et al., 2017 ), between 0 and 1 was predicted for a 

ested compound to inhibit the key enzyme TPO. Except for four 

Ps (P1, P5, P7, P13), the remaining 18 TPs could increase the prob- 

bility of inhibition activity of TPO. In particular, most TPs (P2, P3, 

4, P6, P9-P12, P15-P22) show distinct probability for disrupting 

hyroid hormones with the probability values greater than 0.70. Of 

ourse, in vitro/in vivo experimental research is necessary to fur- 

her confirm the accurate toxicity value of these TPs. Additionally, 

he four hydroxylated products P2–P5 are isomers and confirmed 

y commercially available standards. Other studies have observed 

ydroxylated products of micropollutants that show increased es- 

rogenic effects due to potential interaction of their hydroxyl group 

ith estrogen receptor ( Cao et al., 2018 ; Mboula et al., 2015 ). Thus,

he estrogenic activity of these products were analyzed (Section 

7), showing the higher estrogenic activity of the three isomers 

P2-4) than P5. These predictive results indicate the toxicological 

mportance of the TPs. Therefore, simple reducing concentration 

nd aquatic toxicity of 2-MBT is not sufficient to reduce potential 

dverse effects on human health. 

. Conclusions 

This study demonstrates the ability of the developed nontar- 

eted analysis method to identify accurately the structures of 9 

ew and 13 known organic TPs resulting from UV treatment of 

ater containing 2-MBT. The molar-based mass balance study ac- 

ounted for 70% of the organic TPs and 30% of inorganic products. 

he comprehensive chemical structure information acquired on the 

dentified products and their UV fluence-based dynamic patterns 

uggested potential multiple pathways of UV degradation of 2-MBT 

n water via photo-induced bond cleavage, hydroxylation, and oxi- 

ation. In addition, the structure identification of the new TPs en- 
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bled QSAR predictions on their potential toxicity on aquatic or- 

anisms and human health, whereas the predicted higher estro- 

enic activity of the identified isomeric TPs (P2-P4) than that of 

-hydroxybenzothiazole (P5), a well-known toxic contaminant, in- 

icated the potential toxicological relevance of the new TPs. 
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