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Benzotriazoles have been widely used as additives in industrial products, and they are released or discharged
along with sewage into wastewater treatment plants. Traditional wastewater treatment processes, especially
biological methods, cannot completely eliminate BTAs. Developing cost-eﬀective and environmental-friendly
treatment methods for the removal of benzotriazoles is in urgent need. This study evaluated the degradation
eﬃciency of 1H-benzotriazole (1H-BTA) with 280 nm ultraviolet activating persulfate (UV/PS). Degradation of
1H-BTA followed pseudo-ﬁrst order kinetics with a rate constant at 0.226 min−1 when [1H-BTA]0 = 8.39 μM,
[PS]0 = 420 μM, UV intensity = 0.023 mW cm−2. Scavenger experiments with ethanol and tert-butyl alcohol
proved that both hydroxyl radical and sulfate radical contributed to the degradation of 1H-BTA. Reactions
induced by these radicals were aﬀected by pH value, anions and natural organic matters, implying that an
incomplete mineralization of 1H-BTA by UV/PS would be ubiquitous in heterogeneous water matrix. As the
reaction proceeded, 1H-BTA was transformed to a series of intermediate products. Simple hydroxylated product
C6H5N3O was dominating in the initial stage (∼10 min), while further open-loop oxidative product C4H3N3O4
had a peak value in the later stage (∼45 min). Based on model organism proteomics and metabolic network
analyses, down regulation of stress resistance proteins in Escherichia coli exposed to degradation products indicated that the toxicity of 1H-BTA was declined. To summarize, incomplete mineralization of 1H-BTA using
UV/PS is likewise eﬀective for its detoxiﬁcation.

1. Introduction
Benzotriazoles (BTAs) are high production volume chemicals with
annual output of 9000 tons worldwide [1,2], and they have been widely
used as additives in industrial and household applications. A portion of
⁎

BTAs is released into environment through human activity. They are
considered as a category of emerging contaminants due to their persistence, bioaccumulative capacity and toxicity [3]. Residues of BTAs
have been detected in sea water, river sediment and wastewater [4].
Because BTAs have high solubility (such as 1H-benzotriazole,
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∼20 g L−1), they can be transferred along with wastewater. The
average concentration of BTAs in the inﬂuent of several German wastewater treatment plants (WWTPs) was 12 μg L−1, and the eﬄuent
contained 7–18 μg L−1 [5,6]. The BTA concentration in Switzerland
wastewaters reached 100 μg L−1 [7]. As the ﬁnal step of anthropogenic
water cycle, WWTPs are receptors and ultimate barriers for undesired
BTAs. Removal eﬃciencies of diﬀerent BTAs in conventional WWTPs
varied from 13% to 74% [7], and it was reported that traditional
treatment processes, especially biological methods, cannot completely
eliminate BTAs [8]. Treated eﬄuent containing BTAs and their degradation products is discharged into receiving water bodies from
WWTPs [5,8]. Therefore, it is desirable to develop an eﬃcient water
treatment method for BTA removal.
Advanced oxidation processes (AOPs), such as ozonation [9], photocatalysis oxidation [10–12] and Fenton oxidation [13], are attempted
to eliminate environmental pollutants. Among these AOPs, ultravioletactivating persulpfate (UV/S2O82− or UV/PS) has attracted interests
due to the unique advantages of sulfate radical (%SO4−), such as high
oxidation potential, applicability in wide pH range and much higher
stability and selectivity than hydroxyl radical (%OH) [14,15]. Similar to
%OH oxidation, %SO4− reaction can eﬀectively degrade familiar environmental persistent organic pollutants, such as polycyclic aromatic
hydrocarbons [16], polybrominated diphenyl ethers [17,18], perﬂuorinated compounds [19], antibiotics [20] and disinfection by-product precursors [21,22]. Still, the research using UV/PS for BTAs degradation has only started. Several studies have proved that reaction
systems containing %SO4− (without photoactivation) are eﬃcient for
BTA removal [23,24]. Ahmadi et al. [25] used a UV/TiO2/PS system to
degrade 1H-BTA, and they found that the reaction followed pseudo-ﬁrst
order reaction kinetics with a rate constant at 0.022 min−1. However,
knowledge about the degradation mechanisms and pathways are far
from complete.
During the degradation of targeted contaminants (such as BTAs)
with AOPs, some coexisting impurities will inhibit the degradation efﬁciency due to the competitive consumption of active radicals [26]. A
full mineralization of targeted organic contaminant will be a great
waste of energy, while an incomplete mineralization may be a proper
option for UV-AOP applications, resulting in generations of numerous
intermediate products. The degradation of BTAs with active radicals
follows a step-by-step hydroxylation. Muller et al. [27] used ozonation
to degrade several BTAs, and a series of hydroxylated, carbonylated and
benzene-cleavage products were identiﬁed. In another study, Xu et al.
[28] found that an opening process of the triazole ring in 1H-BTA occurred in BiOBr visible light photocatalysis, implying that diﬀerent
AOPs induce distinct degradation pathways. Therefore, it is important
to elucidate the structure transformation and toxicity variation of BTAs
degradation products during UV/PS treatments. So far, only limited
information has been reported.
The existing studies in regards to the toxicological assessment of
BTAs are still limited in some traditional techniques [29,30], which are
primarily based on the phenotype changes of speciﬁc model organisms.
For example, a luminescent bacteria experiment demonstrated that the
toxicity of BTAs depends on the number, position and length of alkanes
on phenyl [30]. Through Vibrio ﬁscheri experiments, Borowska et al.
[29] have found that direct UV photolysis can detoxify 1H-BTA solution, but it was not exactly so in a UV/H2O2 system. These phenotype
results from the expression of a genetic code via a multi-step process
can determine whether the general toxicity of a contaminant on a
speciﬁc organism decreased or not, but the interactions between contaminant and biomolecules may involve the collective reactions and
regulations of biomolecule replication, transcription and translation.
Therefore, the toxicological evaluation of BTA degradation process will
require an investigation in the perspective of protein and metabolism
networks.
In the present study, the degradation kinetics and mechanism of 1HBTA were explored using a 280 nm UV/PS system. The intermediate

products were elucidated with a high resolution mass spectrometer
(HRMS), while their toxicity variation was evaluated by the proteomic
and metabolic network pathways in model organism Escherichia coli.
Furthermore, inﬂuence factor experiments and a preliminary assessment of the energy consumption were performed.

2. Materials and methods
2.1. Chemical reagents and ﬁeld water samples
Crystal 1H-BTA (99%, HPLC grade), ethyl alcohol (EtOH, HPLC
grade), tert-butyl alcohol (TBA, HPLC grade) and isobaric tags for relative and absolute quantitation (iTRAQ) reagent multiplex kit (PN
4352135) were purchased from Sigma-Aldrich (USA). Analytical grade
Na2S2O8 (98%), NaNO3 (98%), NaCl (98%) and humic acid (HA) (90%
dissolved organic matter, CAS: 1415-93-6) were purchased from
Sinopharm (China). All solutions were prepared using ultrapure water
(18.2 MΩ) produced by a Milli-Q Advantage A10 system (Millipore,
USA). Other chemical reagents were prepared using the highest purity
available (Text S1 of the Supporting Information; “S” designates texts,
tables, ﬁgures and other contents in the Supporting Information
thereafter). Besides ultrapure water, four ﬁeld waters were also selected
as matrices for the degradation experiments. The ﬁeld water samples
were obtained from source water and ﬁnished water in two drinking
water treatment plants (DWTPs) in Guangzhou, China. The treatment
processes in these two DWTPs mainly include pre-chlorination, coagulation, sedimentation, ﬁltration and disinfection. Detailed information about sampling and analysis procedures of these ﬁeld water samples is showed in Text S2.

2.2. UV irradiation module and degradation experiments
A UV irradiation module was assembled, which consisted of an integrated 280 nm UV light emitting diode (UVLED) emission array,
framework and reactor vessel (Fig. S1). Mercury lamp with 254 nm
irradiation and xenon lamp with continuous wavelength irradiation
(from UV to visible light) were widely applied as light sources for UV/
PS reaction. Still, no research tests the eﬀectiveness of other light
sources with speciﬁc wavelengths, such as commercial UVLED emitting
280 nm irradiation. The irradiation intensity on the surface of reaction
solution was set at 0.023 mW cm−2. Reaction vessels were circular
quartz vessels with a diameter of 12 cm. Before reaction, speciﬁc volume (typical 20 mL) of 1H-BTA solution ([1H-BTA]0 = 8.39 μM) was
added into the reactor vessel. Initial concentration of PS was set in the
range of 5–250 mg L−1 (21–1050 μM). Experimental temperature was
maintained at 25 ± 2 °C with pH 6.8–7.2 (if not speciﬁed otherwise).
The pH value was adjusted using pH buﬀered solution, which contained
diﬀerent concentration combinations of NaOH, KH2PO4 and H3PO4.
The reaction solution was persistently shaken at 60 r min−1. At the preset times, ascorbic acid was added to scavenge persulfate. Treated
sample (20 mL) was transferred into a brown amber tube at 4 °C before
analysis. Control experiments using sole water, PS and UV were also
performed. In the inﬂuence factor experiments, predetermined amount
of NaCl (Cl−) or NaNO3 (NO3−) was added into the solution matrix. For
HA experiments, a stock solution at 1 g L−1 was prepared by adding HA
into ultrapure water and ﬁltering with 0.22 μm polyethersulfone ﬁlter.
The concentrations of both NaCl and NaNO3 were varied between
100–500 mg L−1, while 1–50 mg L−1 HA was added. Ascorbic acid was
added to inhibit oxidation reaction, while EtOH and TBA were used to
probe the formation of %OH and %SO4− in UV/PS system. Each time a
single probe species was added. The concentration for EtOH, TBA and
ascorbic acid were 100 mM.
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3.2. Identiﬁcation of reactive radical species

2.3. Quantitative analysis of 1H-BTA and qualitative analysis of
intermediate products

The high transformation eﬃciency of 1H-BTA in UV/PS system may
be ascribed to active radicals (%SO4− and %OH) oxidation. Generation
of %SO4− and %OH in UV/PS process follows these equations (Eqs. (1)
and (2)) [32]:

Quantitative analysis of 1H-BTA was conducted by a high performance liquid chromatography with a tandem mass spectrometer
(HPLC/MS2, TripleQuad 5500, Applied Biosystems SCIEX, USA), while
determination of 1H-BTA intermediate products was performed by a
TripleTOF 5600+ HRMS (Applied Biosystems SCIEX, USA). Only relative intensities (peak areas) of organic intermediate products were
acquired by HPLC/MS2. The molecule formula determination of generation product followed a systematic intermediate screening procedure
presented in our previous study [31]. The detailed analysis procedure is
presented in Text S2, Tables S1 and S2. Total organic carbon (TOC) was
determined using a TOC-L analyzer (Shimadzu, Japan).

S2O82−+hν→2%SO4−
−

%SO4 +OH

(1)

−

→SO42−+%OH

−1 −1

7

(k = 7.0×10 M

s

)

(2)

Three scavengers, i.e. ascorbic acid, EtOH and TBA, were added to
probe the formation of these oxidative radicals (Fig. 1a). Removal efﬁciency was severely inhibited in the existence of 10 mg L−1 ascorbic
acid, and kobs decreased from 0.226 min−1 to 0.002 min−1. Since ascorbic acid is a strong reductant and can scavenge most of the oxidants,
this result suggested that the degradation of 1H-BTA is dominated by
oxidation. Reaction rate constants of EtOH with %OH and %SO4− are
1.9 × 109 M−1 s−1 and 1.6 × 107 M−1 s−1, respectively, while the ones
of TBA with %OH and %SO4− are 6.0 × 108 M−1 s−1 and
4.0 × 105 M−1 s−1 [33,34]. Accordingly, EtOH scavenges both %OH
and %SO4− with similar rate constants, while TBA is considered as the %
OH scavenger [15]. Thus, diﬀerential degradation eﬃciencies in presence of EtOH and TBA can conﬁrm the reactions of %OH and %SO4−.

2.4. Proteomics analysis
Proteomics analysis followed four steps: (1) cells exposure to the
target contaminants, (2) protein digestion, (3) peptides labeled using
iTRAQ, and (4) peptides analysis using a TripleTOF 5600+ HRMS
equipped with a Nanospray III source and a NanoLC 400 system
(Applied Biosystems SCIEX, USA). Samples for proteomics analysis include: (1) 60 mL 8.39 μM 1H-BTA solution and (2) 60 mL UV/PS treated
sample (reaction time = 20 min). The initiate reaction conditions were:
temperature
25 ± 2 °C,
pH
6.5–7.2,
[1H-BTA]0 = 8.39 μM,
[PS]0 = 420 μM. Escherichia coli ATCC11303 was selected as the model
microorganism, which was inoculated in LB medium at 100 r min–1 for
12 h. Subsequently, the cells were obtained by centrifugation at 3500g
for 10 min and were washed using phosphate buﬀered saline three
times. A medium with 30 mg L−1 KH2PO4, 70 mg L−1 NaCl, 30 mg L−1
NH4Cl, 10 mg L−1 MgSO4, 30 mg L−1 beef extract, 100 mg L−1 peptone
and 1 mg L−1 1H-BTA or its intermediate mixture was prepared. The
cells (0.1g L−1) were inoculated into a 20 mL of this medium and
shaken at 100 r min−1 for 24 h. After exposure, the cells were separated
and washed using phosphate buﬀer saline for protein extraction.
Detailed information about the protein digestion, iTRAQ labeling and
HRMS analysis followed the same procedure described in our previous
research [31].

EtOH+%OH→products (k = 1.9×109M−1s−1)
EtOH+%SO4−→products

(k = 1.6×10 M
8

s

)

−1 −1

TBA+%OH→products (k = 6.0×10 M
TBA+%SO4−→products

(3)

−1 −1

7

5

s

)

−1 −1

(k = 4.0×10 M

s

(4)
(5)

)

(6)

In the presences of EtOH and TBA, kobs decreased to 0.020 min−1
and 0.048 min−1, respectively. These results demonstrated that both %
OH and %SO4− contributed to the degradation of 1H-BTA in 280 nm
UV/PS system. Even after adding excessive EtOH, a slow degradation of
1H-BTA was still observed; besides %OH and %SO4− oxidation, other
reaction mechanism, such as photolysis, was also involved in this UV/
PS system. This is consistent with the slight decrease of 1H-BTA under
sole 280 nm UV irradiation (Fig. S2).
3.3. Degradation products and their evolution pathways

3. Results and discussion

Based on the proposed reaction mechanisms and the HRMS data,
seven steady products, with molecular formulas of C6H5N3O (product
A, m/z 136.0505), C6H5N3O2 (product B, m/z 152.0454), C6H5N3O3
(product C, m/z 168.0404), C5H5N3O4 (product D, m/z 172.0353),
C4H3N3O4 (product E, m/z 158.0196), C6H3N3O2 (product F, m/z
150.0298) and C4H3N3O3 (product G, m/z 142.0247), were identiﬁed
(Table S2). Some of these products were also reported previously [29].
Oxidative %SO4− and %OH induced a series of substitution, addition
and cleavage of 1H-BTA, resulting in a transformation path of 1H-BTA,
A, B, F, E (Fig. 2). Another pathway also involved oxidations and
cleavages of the phenyl structure, with a generation pathway of 1HBTA, A, B, C, D, G. These proposed pathways were veriﬁed by the
variation tendencies of relative intensity (peak area; Table 1). Product
A (MW, 136.0505 Da) and Product E (MW, 158.0196 Da) were the
dominating intermediate products in the early and later stages, respectively. Product A has a mass of 136.0505 Da ([M+H]+), which
diﬀers from [1H-BTA+H]+ with a ∼16 Da moiety (supposed to be a
hydroxyl). It is the simplest product with a high peak intensity
(1.48 × 106) at 10 min, which was supposed to be oxidized from 1HBTA under %OH attack. Product E ([M+H]+; 158.0196 Da) has a relative saturated and stable structure, resulting in its accumulation
during the reaction. Its relative intensity reached a maximum value
(3.41 × 106) at about 48 min. All these products trended to be further
oxidized and ﬁnally be mineralized into H2O and CO2 as the reaction
proceeded.

3.1. Basic degradation eﬃciency, kinetics and mineralization
It was veriﬁed that 1H-BTA was stable under UVA and UVB irradiation [18]. Thus, UVC (280 nm UVLED) was attempted in the current
experiments. It was reported that high power irradiation using a
medium-pressure mercury lamp (100 W, wavelength range UVB-UVC)
can induce direct photolysis of 1H-BTA [29]. The irradiation intensity
of UVC in this experiment (0.023 mW cm−2) was far from reaching that
level, the photolysis of 1H-BTA was therefore slight (removal eﬃciency
reached ∼20% within 30 min; Fig. S2). In sole water experiment, no
discernible variation of 1H-BTA concentration was observed in ultrapure water solution, indicating that it is stable in pure water. Furthermore, existence of PS without any activation cannot directly degrade
1H-BTA (sole PS experiment; Fig. S2).
When UVC and PS were combined, the transformation eﬃciency of
8.39 μM 1H-BTA reached 99% within 30 min (Fig. 1a). Based on the
ﬁtting calculation, the decrease of 1H-BTA followed pseudo-ﬁrst order
kinetics, with a reaction rate constant (kobs) at 0.226 min−1 and a halflife of 3.07 min (Fig. 1b). The initial TOC value of 8.39 μM 1H-BTA is
60.4 μg L−1, and approximate 22% TOC was removed in 30 min treatment using 280 nm UV/PS (Fig. 1c), suggesting that 1H-BTA was incompletely mineralized and a variety of degradation products would be
generated.
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Fig. 1. Degradation eﬃciency, kinetics and mineralization. (a) degradation eﬃciency of 1H-BTA, (b) ﬁtting of kinetics, (c) variation of total organic carbon (%). Experimental conditions:
solution temperature 25 ± 2 °C, pH 6.5–7.2, [1H-BTA]0 = 8.39 μM, [PS]0 = 420 μM. All the experiments were carried out in triplicate with error bars representing the standard error of
the mean.

inducing a high reaction eﬃciency.
Variation of pH value had a signiﬁcant impact on the UV/PS system
(Fig. 3a). When pH value changed from 3.0 to 9.0, the kobs maintained
in the range of 0.226–0.249 min−1. But the kobs decreased to
0.059 min−1 when pH value increased to 11.0, which was quarter of
that at pH = 7.0. In acidic condition, %SO4− is the predominate radical
[35]. As the pH value raises, the increase of OH− leads to a transformation from %SO4− to .OH (Eq. (2)), which may reduce the proportion
of %SO4− in reaction system [36]. In an experiment that established a
kinetic model to elucidate the mechanisms of %SO4− generation, the
generation rate of %SO4− decreased under strong alkaline condition

3.4. Inﬂuence factors
Persulfate concentration is a basic factor in the UV/PS system. As
the PS concentration increased from 21 μM to 1050 μM (5–250 mg L−1),
kobs increased from 0.015 min−1 to 1.093 min−1 (Fig. S3). A nonlinear
correlation was found between the PS concentration and kobs. For example, when PS concentration increased from 21 μM to 105 μM, the kobs
only increased ∼24%. The kobs doubled when PS concentration increased from 105 μM to 210 μM. But in the range of 210–1050 μM, the
kobs increased ∼25 times. Increasing PS concentration enhances the
probability of molecular collision between radicals and 1H-BTA,
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Table 1
Identiﬁcation of 1H-BTA organic intermediates in UV/PS treatment.

[32]. Since .OH (E0 = 2.70–2.80 V) [34] has a lower oxidative capacity
than %SO4− (E0 = 2.65–3.10 V) [33], this transformation would reduce
the general oxidative capacity of UV/PS system, resulting in an inhibition under strong alkaline condition. The pKa value of 1H-BTA is
8.2 [37], indicating that deprotonation of 1H-BTA occurs under strong

alkaline condition. Electrostatic repulsion between negatively charged
[1H-BTA]− and %SO4− will further reduce the reaction eﬃciency.
Degradation eﬃciency of 1H-BTA tended to decline in the presence
of Cl− or NO3− (Fig. 3). When the concentrations of Cl− and NO3−
increased from 0 mg L−1 to 500 mg L−1, the kobs decreased from

Fig. 3. Eﬀect of diﬀerent inﬂuence factors on UV/PS experiments. (a) pH value, (b) Cl−, (c) NO3−, (d) humic acid. Experimental conditions: solution temperature 25 ± 2 °C, [1HBTA]0 = 8.39 μM, [PS]0 = 420 μM. All the experiments were carried out in triplicate with error bars representing the standard error of the mean.
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0.226 min−1 to 0.015 min−1 and 0.003 min−1, respectively. The presence of Cl− has an inhibition on radical oxidation, which can be attributed to the transformations from %SO4− and %OH to less reactive
oxidants Cl% and %OHCl− (Eqs. (7) and (8)) [38,39]. As a result, the
overall reaction eﬃciency decreased.
%SO4−+Cl−→%Cl+SO42− (k = 3.1×108M−1s−1,pH=6.8;[33])

(7)

%OH+Cl−→OHCl− (k = 4.3×109M−1s−1;[34])

(8)

were 0.055 kWh m−3 order−1 and 0.061 (Table S4). Generally, an increasing kobs resulted in raising EE/O and declining Φ. EE/O decreased
from 0.848 kWh m−3 order−1 to 0.011 kWh m−3 order−1 when PS
concentration increased from to 21 μM to 1050 μM. For the inﬂuence
factor experiments, EE/O maintained in the range of
0.050–0.055 kWh m−3 order−1 when the experiment conditions were
maintained in neutral and acidic, but it rose to 0.212 kWh m−3 order−1
under strong alkaline condition. The existences of Cl−, NO3− and HA
also had impacts on the EE/O values. Degradation experiments using
four actual water matrixes also presented increasing EE/O values,
especially the source waters. Hence, reaction inhibitors of radicals
should be paid attention to when UV/PS is applied. The EE/O value
only provides information about the electrical cost. For an actual UVbased treatment process, the assessment of overall cost should take
account of electrical cost, chemical reagent cost (e.g., PS addition), etc.

The eﬀect of NO3− on the UV-based reaction depends on NO3−
concentration. Photolysis of low concentration NO3− (< 10 mg L−1)
may produce NO2% and %OH to enhance the degradation rate of targeted contaminant (Eqs. (9) and (10)) [40]. But high concentration
NO3− (> 10 mg L−1) can scavenge free radicals, reducing the degradation eﬃciency of targeted contaminants [41]. In the current experiment, inhibition of 1H-BTA degradation was observed after adding
high concentration NO3− (100–500 mg L−1), which was attributed to
the scavenging of %OH and/or %SO4−.
hν

NO−3 → ·O− + NO2.
O−+H2O→%OH+HO−

3.7. Diﬀerential protein expression and safety evaluation
After 20 min reaction, nearly 99% 1H-BTA was transformed to incomplete degradation products. Variations of general toxicities of 1HBTA and degradation products were evaluated with comparing diﬀerential expression of proteins in E. coli ATCC11303 exposed to 1H-BTA
solution after 0 and 20 min UV/PS treatment. For example, if a protein
has a higher abundance (at least 1.2-fold) in the E. coli cells exposed to
1H-BTA compared to the cells exposed to ultrapure water (control), it is
deﬁned as an up-regulation protein.
Exposure to 1 mg L−1 1H-BTA induced the up regulations of citrate
cycle, fatty acid biosynthesis, oxidative phosphorylation, pyruvate, aspartate, fructose, biotin and nucleotide metabolisms, whereas down
regulations of some important reactions and pathways, including sulfur,
serine and cysteine metabolisms, were also observed (Fig. S5). Several
key node metabolites (phosphoribosyl diphosphate, 5-phosphoribosylamine, aminoimidazole ribotide, 5′-Phosphoribosyl-5-formamido-4-imidazolecarboxamide, inosine 5′-monophosphate and guanine) in purine metabolism pathway were synergistically up-expressed.
For the up-regulated pyrimidine metabolism, it started with the increasing formation of carbamoyl phosphate from glutamine and CO2,
which is the rate-limiting step in this pyrimidine synthesis pathway
catalyzed by the carbamoyl phosphate synthetase II [44]. The up-expressed aspartate carbamoyltransferase catalyzes a reaction between
aspartate and carbamoyl phosphate to form N-carbamoyl-L-aspartate
[45], resulting in the up-synthesis of the cytidine 5′-triphosphate and
uridine 5′-triphosphate. Increasing synthesis of other related metabolites, cytidine-5′-monophosphate, uridine 5′-diphosphate, cytidine
5′-diphosphate, deoxycytidine monophosphate, etc., for nucleotide
formation was also observed. Nucleotides, containing either a purine or
a pyrimidine base, are the monomer units of DNA and RNA. These results all implied an up-regulation of DNA synthesis. However, RNA was
down synthesized, which meant that the transcription process was inhibited by 1H-BTA.
Except for the above mentioned pathways in the metabolic network
aﬀected by 1H-BTA, some pathways related to vitamin metabolism
were also diﬀerentially regulated. Among these vitamins, biotin is a
water-soluble vitamin B7, which is involved in the synthesis of fatty
acids, isoleucine and valine. The up expression of its whole pathway
was consistent with the increasing generation of acetyl-CoA and fatty
acids.
Metabolic network of E. coli cells exposed to 20 min degradation
product mixture was dominated by down-regulated reactions and
pathways. These down-regulated reactions included citrate cycle, fatty
acid biosynthesis, fatty acid degradation and a series of metabolisms
(pyruvate, alanine, aspartate, glutathione, threonine, etc.; Fig. 4). A
small number of reactions, such as oxidative phosphorylation, glucose
phosphorylation, ammonia and carbamoyl phosphate metabolisms,
were up-regulated.
To further compare the diﬀerentially synthesized protein expression

(9)

(10)

UV absorption may be the reason for the inhibition of UV/PS reaction. Absorbance was obtained with diﬀerent concentration of Cl−,
NO3−, OH− and humic acid. Strong absorbance at < 200 nm was observed in 500 mg L−1 Cl− solution. In addition, strong absorbance in
the range of 200–240 nm was observed in 500 mg L−1 NO3− and OH−
solutions. Still, very low absorbance was observed at 280 nm for NO3−,
Cl− and OH−, suggesting that the inhibition of UV/PS reaction in the
presents of anions (NO3− and Cl−) or under alkaline condition should
be attributed to other mechanisms but not UV ﬁltering.
Concentration of HA was set at 0, 1 mg L−1, 20 mg L−1 and
50 mg L−1. As HA concentration increased, the kobs decreased from
0.226 min−1 to 0.025 min−1 (Fig. 3d). It can be ascribed to the capture
of %SO4− and %OH by HA. In addition, HA can absorb UV irradiation
(Fig. S4) [36,42]. Consequently, strong alkaline condition (pH ≥ 11.0),
anions (Cl− and NO3−) and NOM (HA) all should be paid attention to
when UV/PS is applied for the degradation of 1H-BTA.
3.5. Degradation of 1H-BTA in actual water matrix
Four actual water matrixes, source water #1, source water #2,
ﬁnished water #1, ﬁnished water #2, were set as background matrices
(Text S2, Table S3). The kobs decreased from 0.226 min−1 to
0.138 min−1 and 0.091 min−1 when using two ﬁnished waters. Severe
inhibitions were observed in the system using the source waters, the
kobs decreased to 0.014 min−1 and 0.019 min−1. The main distinction
between source water and ﬁnished water was turbidity, while natural
organic matters (NOM) and some anions (Cl−, SO42− and NO3−) in
source water were higher than those in ﬁnished water. All these impurities can consume %SO4− and %OH, resulting in lower removal efﬁciencies of targeted compounds [26].
3.6. Cost evaluation and quantum yield
An energy consumption assessment based on electrical energy per
order (EE/O) was conducted following a similar calculation procedure
reported previously [43]. EE/O only considers the electrical cost, providing reference for the evaluate the energy cost of 1H-BTA degradation
using UV/PS in lab scale. Single photon energy of 280 nm UV irradiation is 7.088 × 10−19 J (4.43 eV), while the irradiation intensity on the
surface of reaction solution is 0.023 mW cm−2. The apparent quantum
yield (Φ) under diﬀerent experiment conditions were calculated following a similar procedure in Ref. [29]. In UV/PS experiment with the
condition of [1H-BTA]0 = 8.39 μM, [PS]0 = 420 μM, the EE/O and Φ
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Fig. 4. The KEGG metabolism network related to the diﬀerent regulated expression proteins in cells under the exposure to 20-min 1H-BTA intermediate mixture. Analysis is based on the
Kyoto Encyclopedia of Genes and Genomes database. Red line indicates the up-regulated metabolism pathway, while the black line indicates the down-regulated metabolism pathway.

or unfolding of proteins, preventing them from aggregating into nonfunctional structures [53]. The decreasing synthesis of transcriptional
regulator proteins indicates weakening demand of DNA repair. The
down expressions of stress response proteins mean bacteria or cells
receive decreasing impairment from targeted contaminants. Both phenomena were observed in the E. coli samples exposed to 1H-BTA degradation product mixture (after 20 min UV/PS treatment), suggesting
that the toxicity of 1H-BTA was declined after incomplete mineralization.

under the exposure to intact 1H-BTA and degradation product mixture,
27 proteins with 10-fold or higher diﬀerential expression (Table 2) were
selected from 717 quantiﬁable identiﬁed proteins (Table S5). Among
these up-regulated synthesis proteins, MalB, OmpC and OmpF are
membrane proteins responsible for molecule diﬀusion and transport
[46]. These results revealed that both 1H-BTA and its degradation
products can trigger the alterations of membrane-bound proteins and
membrane permeability, resulting in the variations of molecule eﬄux
and inﬂux.
For the down regulated proteins, HupA and HupB are transcriptional regulators [47]. Their decreasing synthesis suggested a declining
demand of RNA synthesis, which may be due to the detoxiﬁcation of
1H-BTA after UV/PS treatment. After the exposure to 1H-BTA product
mixture, the down expressions of Pgk, FabB, GapC and FabZ were observed, indicating a down-regulated pathway of fatty acid biosynthesis.
However, FabB and FabZ were over produced under the stress of 1HBTA [48]. Protein FabB uses fatty acyl thioesters of acyl-carrier protein
as substrates, mediating the chain-elongation of fatty acids [49], while
protein FabZ catalyzes unsaturated fatty acids biosynthesis. Their up
expression under 1H-BTA stress inferred an overproduction of unsaturated long chain fatty acids.
The down expressions of several important proteins, which are responsible for stress response, were conﬁrmed. These proteins were
HdeB, UspF, Dps, SodB and DnaK (Tables 2 and S5). Protein HdeB exhibits a chaperone-like activity by preventing the aggregation of proteins [50]. In the presence of stressors, the overproduction of UspF will
protect DNA [51]. In the present study, 1H-BTA induced its up regulation, whereas the degradation products of 1H-BTA decreased UspF
generation, implying that 1H-BTA might be a denaturant for DNA, but
its toxicity was weakened by UV/PS treatment. Protein Dps is a Febinding protein, which can bind the chromosome, forming a stable DpsDNA complex to protect DNA under the stresses [52], while protein
SodB can eﬀectively destroy superoxide anion radicals which are toxic
to biomolecules. Furthermore, protein DnaK assists the covalent folding

4. Conclusion
Degradation of 1H-BTA using UV/PS followed a pseudo-ﬁrst order
reaction. Oxidation induced by both %SO4− and %OH was the dominating degradation mechanism. Strongly alkaline condition inhibited
the degradation eﬃciency, while the existences of Cl−, NO3− and HA
also had negative eﬀects on the reaction. As the reaction proceeded,
1H-BTA was transformed to a series of intermediate products. Simple
hydroxylated product C6H5N3O was dominating in the initial stage
(∼10 min), while further open-loop oxidative product C4H3N3O4 had a
peak value in the later stage (∼45 min). Based on the organism proteomics and metabolic network analyses, down regulation of stress resistance proteins in Escherichia coli exposed to degradation products
indicated that their toxicity was lower than intact 1H-BTA. Incomplete
hydroxylation and open loop of 1H-BTA would be ubiquitous during
UV/PS treatment, and it is likewise eﬀective for its detoxiﬁcation.
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Table 2
Proteins with 10-fold diﬀerential expression under the exposure to 1H-BTA or its degradation products.
Number

Accession #

Protein Name

Gene
Name

Peptides (95%)

Isotope abundance
comparison
(1H-BTA: control*)

Isotope abundance comparison (Degradation
products: control*)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

P02943
P02931
P06996
P0AEQ1
P0A6T9
P00805
P0A799
P0A858
P0A953
P0ACF4
P0ACF0
P02358
P0AET2
P0A6F9
P60438
P0AFH8
P0A7R5
P0AC62
P23857
P33898

malB
ompF
ompC
glcG
gcvH
ansB
pgk
tpiA
fabB
hupB
hupA
rpsF
hdeB
groS
rplC
osmY
rpsJ
grxC
pspE
gapC

30
29
15
2
2
42
41
21
27
22
13
8
16
22
7
13
12
4
4
2

12.7057
7.3114
10.1859
13.6773
7.8705
0.5012
0.6194
1.2706
1.3305
0.4207
0.673
0.8091
0.6668
0.6668
0.871
0.9376
0.6607
1.2823
0.631
0.7447

10.8643
12.4738
20.7014
1
13.8038
0.0608
0.0308
0.0488
0.0982
0.0217
0.0649
0.092
0.0787
0.0711
0.0904
0.0565
0.0667
0.0685
0.0322
0.0773

21
22
23

P60624
P45395
P0A6Q6

rplX
kdsD
fabZ

7
1
3

0.6918
0.8318
1.6444

0.0565
0.0871
0.0319

24
25
26
27

P0ACJ0
P30850
P00946
P0A7T7

Maltoporin
Outer membrane protein F
Outer membrane protein C
Protein GlcG
Glycine cleavage system H protein
L-asparaginase 2
Phosphoglycerate kinase
Triosephosphate isomerase
3-oxoacyl-[acyl-carrier-protein] synthase 1
DNA-binding protein HU-beta
DNA-binding protein HU-alpha
30S ribosomal protein S6
Acid stress chaperone HdeB
10 kDa chaperonin
50S ribosomal protein L3
Osmotically-inducible protein Y
30S ribosomal protein S10
Glutaredoxin-3
Thiosulfate sulfurtransferase PspE
Putative glyceraldehyde-3-phosphate
dehydrogenase C
50S ribosomal protein L24
Arabinose 5-phosphate isomerase KdsD
3-hydroxyacyl-[acyl-carrier-protein]
dehydratase FabZ
Leucine-responsive regulatory protein
Exoribonuclease 2
Mannose-6-phosphate isomerase
30S ribosomal protein S18

lrp
rnb
manA
rpsR

1
2
2
4

1.4322
1.0965
1.0093
0.5702

0.0296
0.0824
0.0313
0.0231

* Control indicates the E. coli cells which exposed to distilled water without any 1H-BTA or its degradation products.
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