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ARTICLE INFO ABSTRACT

Keywords: The impact of chloride (Cl°) in heat-activated peroxydisulfate (PDS) and peroxymonosulfate (PMS) processes for
Benzotriazole benzotriazole (BTA) degradation was investigated. Results showed that 0.42 mM BTA could be degraded by PDS
Heat-activated peroxydisulfate/ and PMS under 70 °C in presence and absence of Cl~. The PMS-mediated BTA degradation rate increased with
Ic’irl(:r(i}:gonosulfate increasing Cl- concentration up to 1000 mg/L, while a further increase of Cl- concentration decreased the BTA
Chlorinated by-products degradation rate. In contrast, Cl- inhibited PDS-mediated BTA degradation at concentrations tested between 100
Toxicity and 10,000 mg/L. Radical scavenging experiments indicated that BTA degradation was mainly driven by hy-

droxyl and sulfate radicals in PDS and PMS systems without Cl~. However, reactive chlorine species (RCS)
significantly boosted the PMS system for BTA degradation in presence of Cl". Variation in pH substantially
influenced the PMS system, but not the PDS system, whether in presence and absence of Cl". By LC-MS/MS
analysis, forty-two transformation products (TPs) were identified resulting from BTA degradation. Based on
the TPs, polymerization, hydroxylation, benzene ring-opening, and carboxylic acid formation were hypothesized
to be the main degradation mechanisms in absence of Cl-, whereas chlorination, triazole ring-opening, and
nitration were the additional degradation steps in presence of Cl-. These findings help understand the influence
of CI" on BTA removal rate and degradation pathway in saline wastewater. Moreover, more chlorinated TPs were
found in PMS/CI" system than in PDS/CI" system, which was also reflected in absorbable organic halides (AOX)
and end-product toxicity analyses. The PMS/Cl™ process also produced other undesirable by-products, such as
chlorates which were not detected in the PDS/CI- process. This shows that PDS and PMS-based advanced
oxidation processes can notably differ in terms of toxic by-product formation. Thus, they need to be critically
evaluated before applying for organic pollutant degradation under saline conditions.

1. Introduction contaminant in water bodies [5-7]. In a study conducted by Seeland

et al., it was reported that 7 to 100 pg/L BTA was detected in European

As a chemical with high consumption within industries, benzo-
triazole (BTA) is mentioned in the NORMAN network list of emerging
pollutants [1] and the Dutch River Water Companies Association
(RIWA) list of potential pollutants (Dutch watchlist) [2]. Indeed, BTA is
extensively used in industries and is a constituent of many chemical
products such as corrosion inhibitors, anti-icing fluids, pharmaceuticals,
textile dyes, plastics and rubbers, and dishwashing formulas [3,4]. Due
to its high water solubility, low partition coefficient (Koy), poor biode-
gradability, and incomplete removal in conventional wastewater treat-
ment plants especially within industries, BTA is a frequently detected
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surface waters, and its concentration reached up to mg/L level in the
vicinity of the airports [8]. In cooling tower operation, around 3 to 6
mg/L BTA is usually added to the makeup water [9,10]. Thus, BTA is
extensively used within industries while it is not efficiently removed in
conventional treatment processes, thereby it shows up within the
waterbodies [11]. Besides, BTA can accumulate in the environment and
is a carcinogenic and mutagenic compound [12,13]. Therefore, devel-
oping an effective treatment method for BTA removal is essential.
Regarding the poor biodegradability of BTA, advanced oxidation is
an interesting candidate for its treatment. Different advanced oxidation
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processes (AOPs) have been studied for BTA degradation, such as pho-
toelectrochemical and photocatalytic processes, Fenton-processes,
photolysis, vacuum UV, ozonation, and sulfate radical (SO®)-based
processes (SR-AOPs) [14-24]. SR-AOPs have become more interesting
for the degradation of recalcitrant organic compounds, like BTA, since
SO®™ has a high oxidation potential, a longer lifetime, and higher sta-
bility at a wide pH range as compared to HO® [25-27]. SO®~ can be
formed from specific precursors, e.g., peroxydisulfate (PDS) and per-
oxymonosulfate (PMS) activation, facilitated by heat, light (sunlight or
UV), high pH, ultrasound, Hy0,, activated carbon catalyst, electro-
chemical process, and different transition metals/metal oxides. Indeed,
persulfate activation enhances PMS and PDS oxidizing capacity via
radical and non-radical degradative reaction routes [28]. Several studies
show that SR-AOPs effectively remove BTA from aqueous environments
[4,17,21,29-31]. However, transformation products (TPs) and the fate
of chloride ions (Cl), often present in the water matrix, still need to be
examined critically in BTA degradation in SR-AOPs, for the reason that
toxic reaction products can be formed.

Chloride (C17) is present in aquatic environments with a concentra-
tion range of 0.001 M to 1 M [32]. Several studies have reported that Cl™
might react with HO® and SO® ™ forming less effective chlorine radicals
(C1®), which may further be converted to C1®~ [33,34]. Besides, C1~ may
directly react with PMS to produce free chlorine (Cl,/HOCI/CIO)[28].
Thus, Cl~ introduces reactive chlorine species or RCS (C1®, CI®-, and
Cl,/HOCL/ClO") in the system, influencing the BTA degradation kinetics,
pathways, and TPs distribution.

In a study conducted by Lei et al., PMS and PMS/Cl™ systems were
studied and compared for the degradation of Rhodamine B (RhB) [35]. It
was found that CI~ could accelerate the degradation of RhB through
formation of free available chlorine species. However, degradation in-
termediates were not monitored within the system. Hence, the authors
recommended reinvestigation of PMS and Cl™ roles in PMS-based AOPs
in future works [35]. One study showed that BTA degradation efficiency
by heat-activated PDS was enhanced when low concentrations of Cl~
(<10 mM) were added, while higher concentrations of Cl hindered the
degradation [21]. However, in the (Cobalt)Co-activated PMS system,
phenol and dye degradation efficiencies decreased when the Cl™ con-
centration was below 5 mM and increased above 50 mM [36-38]. The 4-
chlorophenol degradation rate increased by 47 times during the
UV-activated PMS process in the presence of high Cl~ concentration
[39]. Apart from RCS reactivity with the reactive oxygen species, its
reactivity with the organic compounds is also critical in determining the
effect of C1” in such systems. The reaction between organic compounds
and RCS may form chlorinated TPs in the form of absorbable organic
halides (AOX). Potentially, AOX is more toxic and refractory than the
parent organic compounds. Based on the previous studies, chlorinated
TPs are formed during the degradation of monochlorophenols, bezafi-
brate, and carbamazepine in UV-activated PDS in presence of Cl™ [34,
40]. Similarly, a substantial amount of chlorinated TPs was reported
during the degradation of steroid estrogens, methylene blue, 4-chloro-
phenol, phthalic acid, 2,4,6-trichlorophenol, and phenol in SR-AOPs in
presence of Cl™. Even though several TPs were reported during BTA
degradation by SR-AOPs, the evaluation of chlorinated TPs formation
and the corresponding degradation pathway still need to be elucidated
[18,22,41,42].

Moreover, research shows that chlorate (ClO3) is produced during
the SR-AOPs in presence of Cl™ [43]. A study reported that all C1™~ was
converted to ClO3 before the degradation of perfluorooctanoic acid in
the UV-activated PDS system [44]. Another research shows that ClO3
has been formed in the UV-activated PDS and Co-activated PMS systems,
and the formation rate depends on the Cl~ concentration [45]. The
acidic pH was more favorable for ClO3 formation in a UV-activated PDS
process [41]. Due to the toxicity, the world health organization [46]
advises keeping the ClO3 concentration less than 0.7 mg/L in the
drinking water [46]. The US-EPA and Switzerland authorities also
recommend keeping the ClO3 level below 200-210 pg/L in drinking
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water during UV-activated PDS treatment [45]. Thus, the formation of
ClO3 during the BTA degradation in SR-AOPs is essential to monitor.

Therefore, the primary focus of this study was deep assessment of the
influence of C1™ in BTA degradation using heat-activated PDS and PMS
systems. For this purpose, BTA samples were synthetically prepared with
temperature similar to that of a typical cooling tower blowdown. Hence,
heat (70 °C) was selected as both PDS and PMS activator due to its
simplicity, moderate reaction conditions, no addition of chemicals/
catalyst [47], and beneficial use of waste heat. Indeed, waste heat from
industries, for instance, cooling towers can be used for PDS and PMS
activation [9,48,49]. The roles and dominance of important radicals in
BTA degradation were investigated with scavenging experiments. TPs
were identified by using LC-MS/MS to see their distribution and speci-
ation in presence and absence of Cl™. Last but not least, AOX, ClIO, and
ClOzaccumulation, acute toxicity, and BTA mineralization were
explored under different experimental conditions. Recommendations
are given for PDS and PMS process selection to avoid toxic products
forming.

2. Materials and methods
2.1. Chemicals

1-H benzotriazole (BTA, C¢HsN3, 99%; Table S1) and ammonium
formate (HCO,NHy4, HPLC grade) were purchased from Sigma Aldrich
Chemie B-V (the Netherlands). Sodium peroxydisulfate (PDS, NaS20s,
99%), potassium peroxymonosulfate (PMS, 2KHSOs-KHSO4-K2SO4,
99%), sodium chloride (NaCl, 99%), sodium dihydrogen phosphate
(NaH2PO4, 99%), sodium hydrogen phosphate (NagHPO4, 99%), Sul-
furic acid (HpSO4, 95-98%), tert-butyl alcohol (TBA, C4HgOH, 99%),
sodium hydroxide (NaOH, 99%) ethanol (EtOH, 99%), N,N-diethyl-p-
phenylenediamine (DPD, 99%), i-Histidine (C¢HgN30, >99%), and
sodium azide (NaN3, 99.5%) were obtained from Merck Chemicals B.V.
(the Netherlands). Methanol ultra (MA, CH3OH) was obtained from LPS
b.v. (the Netherlands) and Formic acid (CH02, ULC/MS) was purchased
from Biosolve BV, the Netherlands. All the experiments were conducted
using Millipore Milli-Q® water purification (electrical resistivity 18.6
MQ; Millipore Corporation, USA).

2.2. Experimental procedures

The experiments were conducted in 150 mL glass bottles equipped
with an online pH meter (Prosense, Oosterhout, the Netherlands). The
bottles were filled with 0.42 mM BTA, different concentrations of C1~ (0,
100, 1000, and 10,000 mg/L), and 15 mM phosphate buffers unless
otherwise mentioned. The bottles were preheated for 30 min in a
shaking water bath oscillating at 150 rpm (SW23, JULABO GmbH,
Germany), and 15 mM PDS or PMS was added. Pre-tests showed that
when PDS or PMS was added to the bottles, the pH decreased quickly,
even in presence of buffer. Thus, the pH was adjusted by 6 M NaOH to
the desired value during the experiment. At specific time intervals,
samples were collected and put in an ice bath to quench the reaction
immediately. BTA, free chlorine, and PDS or PMS concentrations were
measured the same day the sample was taken to rule out storage influ-
ence. For TOC, AOX, and ClO3 analyses, samples were stored at -20 °C
and measured the following day after the experiment. Experiments were
carried out without phosphate buffer for TPs identification to avoid
buffers’ effects on the TPs formation. A certain amount of EtOH or TBA
was added to the bottles as a scavenger for HO® and SO®~, respectively
[50,51]. r-Histidine and sodium azide were added to the bottles as
singlet oxygen (*0,) scavengers. Control experiments with BTA without
PDS or PMS at 70 °C showed that BTA was hydrolysis-resistant and
thermally stable. Control experiments of BTA degradation with PDS or
PMS at 25 °C were carried out (Fig. S1).
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2.3. Analytical methods

A Thermo Scientific HPLC quantified the BTA concentration with a
fluorescence detector at 278 nm. The separation was performed by a
Phenyl-Hexyl column (ACQUITY UPLC, 1.7 pm, 2.1 x 150 mm). The
mobile phases were (A): water/formic acid 0.01% (v/v) and (B):
acetonitrile/formic acid 0.01% (v/v) with a 0.2 mL/min flow rate. The
injection volume was 10 pL, and the column temperature was 35 °C.
TOC was determined by a total organic carbon analyzer TOC-L CPH/
CPN system integrated with ASI-L autosampler (Shimadzu, Benelux)
using a Non-Purgeable Organic Carbon (NPOC) method. The PDS/PMS
concentration was determined by a spectrophotometric method com-
bined with 0.1 mL of 2.5 mM N, N-diethyl-p-phenylenediamine (DPD) at
510 and 551 nm [52]. The ion chromatograph model, ICS 2100 with
Dionex (IonPac AG17 Guard 4 x 50 mm and IonPac AS17 analytical 4 x
250 mm column), was used for measuring the concentration of ClO3.
AOX was determined by LCK 930 Hach Dr. Lange cuvette test kits using a
Hach DR./3900 spectrophotometer (Hach Lange GmbH, Germany).
Marine luminescent Vibrio Fischeri bacteria were used to assess the acute
toxicity of BTA and its TPs [53]. The inhibition effect of untreated
samples was also measured as a control. The free chlorine (FC) con-
centration was measured with the DPD-FAS standard method [54]. PDS
and PMS interfered with the free chlorine measurement; thus, a modi-
fication was introduced according to [55] to the standard method.
Phosphate buffer and DPD solution were prepared according to the
standard DPD-FAS method. 5 ml buffer was mixed with 5 ml of DPD
solution; 20 mL of 5% EDTA was added to the mixture. Finally, a 50 mL
sample was mixed and titrated with ferrous ammonium sulfate (FAS). 1
mL of FAS is equivalent to 0.1 mg Cly.

2.4. High-resolution LC-MS/MS analysis for TPs identification

The TPs were analyzed by Ultimate 3000 liquid chromatography
coupled with a QExactive Orbitrap MS- a high-resolution accurate- mass
spectrometer (Thermo Scientific, San Jose, CA, USA). 50 pL injected
sample was separated in an Atlantis T3 column (100 mm x 3 mm, 3 pm)
with 0.3 mL/min eluant flow for 20 min. Eluant consisted of solution
(A): Water/2 mM ammonium formate/0.016% (v/v) formic acid and
(B): methanol/2 mM ammonium formate /0.016% (v/v) formic acid.
The elution gradient was 0% B initially, which linearly increased to 45%
in 2 min, subsequently increased to 100% in 8 min, and was kept con-
stant up to 14.5 min. In the next 0.5 min, B decreased to 0%, and this
condition was maintained until 20 min. The column oven temperature
was 40 °C, and TPs were detected in full-scan mode (60-700) in both
positive and negative ionization modes. During the measurement, MS
was at 3.5 kV spray voltage; 48 sheaths and 2 (a.u.) sweep gas flow;
256 °C capillary temperature; 413 °C aux gas heater temperature and
70,000 resolution power. According to the manufacturer protocol, MS
was calibrated for each series using a Pierce™ LTQ Velos ESI positive
and negative ion calibration solution (Thermo Scientific).

2.5. Data analysis

2.5.1. Data processing for TPs identification

LC-MS raw data files obtained from duplicate measurements were
processed by commercially available small molecule structure identifi-
cation software “Compound Discoverer (CD) v. 3.1” (Thermo Scientific,
USA). The environmental workflow template “Environmental w Stats
Unknown ID w Online and Local Database Searches” was used. The
workflow consists of five general steps: (1) raw files are inputted in the
CD and named as samples or blank; (2) spectra of peaks are picked based
on minimum peak intensity counts (100,000 a.u), mass tolerance (5
ppm), and retention time shift (0.2 min); (3) the compounds are detected
based on mass tolerance, intensity threshold, isotopes integration and
ions adducts from extracted ion chromatogram (XIC) traces in the full
scans (MS1). Compounds with the same molecular weight and retention
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time were grouped together; (4) in the predict compositions step, the
molecular formula is assigned according to the accurate mass, maximum
element counts “CgoH199Cl19N10015S5”; (5) best-fit compounds are
selected based on composition and mass from ChemSpider and mass lists
database search. The matching results are further filtered and checked
based on peak shape, peak area, and relevance to the parent compound
to make the results more reliable.

2.5.2. Scavengers effect calculation
The percentage decrease in reaction rate constant kps (PDS/PMS)
due to scavengers was calculated by the following formula (Eq. (1)):

%decrease of Kops(D%) = [1 — Kobs(scavenger) / Kobs (without scavengers)] X 100%
(@)

2.5.3. Toxicity calculation
The increase of luminescent intensity inhibition was used to evaluate
the toxicity and calculated as follows (Eq. (2)):

Lo—L
Increase of inhibition(%) = UT x 100% 2

Ly is the luminescent intensity of the control sample (before reaction),
and L is the luminescent intensity of a sample.

3. Results and discussion
3.1. BTA degradation kinetics in the absence and presence of Cl°

The effect of 0, 100, 1000, and 10,000 mg/L Cl- on BTA degradation
in heat-activated PDS and PMS was investigated and shown in Fig. 1.

The Cl- concentration significantly influenced the BTA degradation
in both PDS and PMS systems but in different ways (Fig. 1). Fig. 1a
shows that BTA degradation was retarded in the PDS/Cl™ process. In the
absence of Cl, the pseudo-first-order rate constant (kops) for BTA
degradation was 0.07 min~!. This value was lowered to 0.05 min~!
when the CI° concentration was increased to 100 mg/L. Further
increasing the Cl- concentration to 10,000 mg/L led to a continued
decrease of the kops to 0.03 min~!. The BTA removal efficiency was also
reduced to 96% in 10,000 mg/L Cl- after 120 min of reaction time. Cl-
can react with SO®~ to produce Cl® with a rate constant of 3.2 x 10°
min~}, pushing back to SO®~ with a rate constant of the reversed re-
action of 2.1 x 10% min~! (Eq. (3)).

SO®™ + CI” « S07~ + C1® 3)

SO®~ has supposedly been produced again, compensating the SO®~
scavenging at low Cl- concentration [56-58]. Thus, low Cl~ concentra-
tion lowers the BTA degradation rate slightly. However, when Cl- was at
an elevated concentration (10,000 mg/L), the forward reaction became
dominant, resulting in a higher degree of SO®~ scavenging. Thus, the
overall BTA ks and efficiency decreased with increasing Cl- concen-
tration. The BTA degradation was promoted remarkably in the PMS/Cl"
process (Fig. 1b). The increase of Cl~ concentration increased the BTA
kobs up to 1000 mg/L Cl-. In the absence of chloride, the k,ps was 0.03
min~!. Adding 100 mg/L and 1000 mg/L Cl~ led to a notable increase of
kobs to 0.1 min ! (three times higher) and 0.3 min ! (ten times higher),
respectively. However, further rising of the Cl- concentration decreased
the rate.

Meanwhile, the BTA removal efficiency after 120 min reaction
increased from 95% (without Cl7) to 100% (100 mg/L, 1000 mg/L and
10,000 mg/L CI7). Especially when Cl- was 1000 mg/L, 100% BTA was
removed in 20 min. Similar results were obtained in research focused on
acid Orange 7 (AO7) degradation by anion activation of PMS, reporting
that 10 mM and 100 mM CI- could effectively activate the PMS but not
the PDS [59]. In a study by Zhang et al. [57], p-aminobenzoic acid
degradation efficiency was enhanced by increasing Cl— dosage using
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Fig. 1. BTA degradation by (a) PDS and (b) PMS in the presence of 0 mg/L, 100 mg/L, 1000 mg/L and 10,000 mg/L Cl~ during 120 min reaction; (c)& (d) Pseudo-
first-order disappearance of BTA for PDS and PMS; Experimental conditions: T = 70 °C, [BTA]o = 0.42 mM, [PDS]y = [PMS]o = 15 mM, V = 100 mL, all experiments
were buffered by 15 mM phosphate and sodium hydroxide was added dropwise to maintain the pH around 6.8-7.3.

PMS. An increase of chloride up to 200 mM led to complete removal of
p-aminobenzoic acid in 20 min; while in the absence of chloride,
p-aminobenzoic acid removal efficiency reached merely 81% in reaction
time of as long as 80 min. Direct PMS oxidation was identified as the
major contributor to p-aminobenzoic acid degradation, while HCIO/-
ClO™ was identified as the dominant RCS [60]. Another study investi-
gated the role of chloride on ammonia oxidation by cobalt-doped
graphitic carbon nitride-activated PMS [61]. It was hypothesized that at
pH levels higher than 6, free chlorine species mostly react with water
leading to the formation of HO® thereby boosting the oxidation rate

Due to the unsymmetrical structure of PMS, it is easily attacked by a
nucleophile such as Cl” [62]. Yang et al. also showed that PMS could
react with Cl~ producing OCl- [59,63]. Thus, active OCl™ together with
HO® and SO® radicals facilitated the degradation of BTA up to 1000
mg/L Cl". Further increasing of Cl- concentration could quench the
radicals and hinder the BTA degradation.

3.2. pH influence on BTA degradation kinetics in absence and presence of
clr

The BTA degradation in PDS and PMS systems at varying pH is
shown in Fig. 2. Fig. 2a indicates that the pH changes barely influenced
the BTA kops in PDS experiments. Complete BTA removal efficiency was
obtained under all pH conditions after 120 min reaction. The ks (PDS)
at pH 7 and 11 was 0.07 min ™" both in absence of C1~, while in presence
of 1000 mg/L CI", kops (PDS) was 0.05 min~". Some studies indicated

that organics degradation could be improved at alkaline conditions as
compared to acidic conditions [64]. However, BTA degradation rates
were similar at pH 7 and 11, as reported in other studies [65]. Inter-
estingly, it was observed that PDS consumptions at pH = 7 and pH = 11
were 33% and 21%, respectively; after 180 min (Fig. S1). Supposedly,
S04~ radicals were converted to HO® at a high rate [66]. HO® has
higher redox potential and is unselective [48]. Thus, alkaline conditions
lead to decreased PDS consumption without Cl~. However, PDS con-
sumption was similar (around 34%) in both pH levels in presence of Cl-
because CI- can be a scavenger for SO5~ and HO® resulting in the gen-
eration of RCS [67,68].

Fig. 2b indicates that the pH significantly affects BTA degradation in
the PMS system. At pH = 11, only 70% of BTA was decomposed after
120 min with kqp of 0.02 min~! in the absence of chloride, whereas at
pH = 7 in identical conditions, 95% BTA removal efficiency was ob-
tained with kop of 0.03 min~!. At pH 11, the BTA degradation rate was
high in the first 20 min, and then it became extremely low Fig. 2b). From
20 min to 120 min, only 12% of BTA was degraded, whereas 58% of BTA
was degraded in the first 20 min. It was reported that SO2-, which can be
generated at alkaline conditions (Eq. (4)), was more accessible to acti-
vate than HSOs, thus, more radicals were produced [69]. This explains
the high BTA degradation rate in the first 20 min. However, some PMS
were decomposed at pH 11 rather than converting into radicals (Eqs. (5)
and (6) [70].

HSO5™ 4+ H,0 2 SO} + H;0" (pK,p=9.4) 4
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Fig. 2. The effect of pH on BTA degradation by (a) PDS and (b) PMS in absence and presence of Cl~ (1000 mg/L) during 120 min reaction; (c) & (d)Pseudo-first-order
disappearance of BTA for PDS and PMS; Experimental conditions: T = 70 °C, [BTA]p = 0.42 mM, [PDS]o=[PMS]o = 15 mM, V = 100 mL.

HSOs5 + SOs5 — the activated complex — HSOg + SO4 5)
HSOg+ OH™ — SO;% 4+ H,0 + O, (6)

Yang et al. [71] found that at pH 11, about 75% of PMS was
decomposed after 20 min, and 100% of PMS was decomposed after 120
min in the wet scrubbing process. 2 g/L NaSiOs was used to make the
PMS more stable in their experiments [71]. In the current study, no PMS
was left at pH 11 and 70 °C in 120 min, but the BTA removal efficiency
was only 70%. At 30 min, 82% PMS was consumed (Fig. S1). The re-
sidual PMS was only 9%, with 12% BTA removal efficiency in pH 11 at
25 °C after 120 min (Fig. S1). The high PMS consumption rate and low
BTA removal efficiency at pH 11 reflected that a large part of PMS was
decomposed instead of forming SO5~ or HO® radicals. Fig. S2 also il-
lustrates the variation trend of PMS concentration (%) over time at
70 °C. It can be seen that at pH = 11, PMS was almost completely
consumed until 180 min. Another study reported that an increase in pH
could result in PMS decay [72]. In a study on the base-activated PMS
process, Yang et al. [73] reported that excess NaOH inhibited the
degradation of methylene blue. Here, lower BTA degradation was
attributed to the PMS self-decomposition.

Moreover, the presence of Cl- significantly hampered the BTA
degradation under basic conditions. The BTA removal efficiency
decreased from 70% (without Cl~ and pH 11) to 58%. The decomposition
of PMS and the dissociation of HOCI under pH 11 could explain the

significant hindering of BTA removal. HOCl is a weak acid (pK, = 7.49).
When the pH rose to 11, more OCl- with weak oxidation ability (Ey =
0.94 V) was produced. Then a series of chain reactions generate other
chlorine species leading to a lower BTA removal efficiency [74].

3.3. Quenching experiment

To distinguish the predominant species in BTA degradation in PDS
and PMS systems, 50 mM EtOH and TBA were selected as both SO "and
HO® radicals scavengers and HO® radical scavengers, respectively.
Anipsitakis and Dionisiou [75] indicated that the reaction rate of TBA
with SO®~ was 4 x 10° to 9.1 x 10° M'' s> which was much lower than
the rate with HO® (3.8 x 108 to 7.6 x 108 M~ ! s71). Besides, it was
reported that the reaction of a hydrogen-containing alcohols (e.g.,
EtOH) with HO® occurs with rates around 1.2 x 10°t02.8 x 10° M 1571,
In contrast, the reaction rate of EtOH with SO~ is 1.6 x 107 to 7.7 x
10’ Mt st [75].

Fig. 3 indicates that the addition of TBA and EtOH showed an inhi-
bition effect on the BTA degradation and removal rate in both PDS and
PMS experiments. The kqps (PDS) decreased from 0.07 to 0.02 min!
when the TBA was added, and kqps (PDS) fell to 0.009 min~! when EtOH
was added (Table 1). As for PMS, the kqps (PMS) decreased from 0.03 to
0.013 min~! when the TBA was added, and kqps (PDS) fell to 0.008
min ! when EtOH was added. Based on the calculation, the D% (PDS)
was 87% in presence of EtOH, which represented the contribution of
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Fig. 3. BTA degradation by (a) PDS and (b) PMS in the presence of radical scavengers (TBA and EtOH) during 120 min reaction. Experimental conditions: T = 70 °C,
[BTA]o = 0.42 mM, TBA=50 mM, EtOH=50 mM, V = 100 mL; all experiments were buffered by 15 mM phosphate, and sodium hydroxide was added dropwise to

maintain the pH of around 6.9-7.4.

Table 1

Influence of scavengers on BTA degradation rate; Experimental conditions: T = 70 °C, [BTA], = 0.42 mM, [TBA] = [EtOH] = [L-Histidine] = [sodium azide] = 50 mM,
V =100 mL, all experiments were buffered by 15 mM phosphate; sodium hydroxide was added dropwise to maintain the pH around 6.9-7.4.

Kobs (Min 1) Kops (D%) with TBA  kgps (D%) with EtOH

kobs (D%) with L-Histidine

kobs (D%) with sodium azide  dominant oxidizing species

PDS 0.07 0.02 (71%) 0.009 (87%)
PDS/1000 mg/L CI- 0.05 - -
PMS 0.03 0.013 (57%) 0.008 (73%)

PMS/1000 mg/L Cl- 0.3 - _

~0 (99%) ~0 (99%) HO® /SO$~
~0 (99%) ~0 (99%)
~0 (99%) ~0 (99%) HO® /SO®~
~0 (99%) ~0 (99%)

SOX’and HO® to BTA degradation. The D% (PDS) was 71% in presence
of TBA, which meant the role of SO® to BTA degradation. As for PMS,
The D% (PMS) was 73% and 57% in presence of EtOH and TBA,
respectively. The results show that both HO® and SO were the
dominant oxidizing species of BTA degradation in both PDS and PMS
experiments.

These results were a little bit different from other studies about PDS.
Norman et al. [76] reported no ®0OH domination when the pHwas < 8in
the PDS system. Ji et al. [77] found that 30 mM TBA slightly inhibited
ATZ degradation by PDS; SO®~ was the dominant radical species when
pH was 7. Both HO® and SO® ™~ contributed to the degradation of organic
pollutants when the pH was 9 [78]. The possible explanation of the high
contribution of HO® to BTA degradation in our study could be the extra
NaOH which was added to maintain the neutral pH because SO®~
reacted with OH™, producing HO®. To further investigate the domina-
tion of ROS, 1-histidine and sodium azide were added as !0, scavengers.
In this way, r-histidine substantially suppressed the oxidative degrada-
tion of BTA in as much as no degradation efficiency was observed in both
PDS and PMS-based processes, either in the presence or absence of
chloride. In PMS-based processes, !0, can be produced by PMS
self-decomposition. Nonetheless, due to the rapid depletion of PMS as
exposed to r-histidine, domination of 10, cannot be confirmed in the
studied PMS-based processes. This finding was similar to the results
obtained in the study conducted by Gao et al. [79], in which r-histidine
suppressed the bisphenol A degradation in the NCN-900/PMS process.
The following equations show the possible generation of 'O, in
PMS-based processes Egs. (7)-(8) [80].

HSO; -»SO;™ +H' +e” )

280%™ + H,0—2HSO; + 1.5'0, €)

Likewise, the addition of sodium azide remarkably inhibited the BTA
degradation efficiency. However, due to their direct reaction with PMS,
L-histidine and sodium azide are not supposedly indicative for deter-
mining the dominant ROS in PMS-based processes. Also, in the PDS-
based process, 1-histidine and sodium azide inhibited the BTA

degradation substantially, representing the possible domination of 0.
One hypothesis is that the C=0 group can be the intermediate precursor
for forming 102 [80]. This structure was also identified amongst the BTA
degradation intermediates.

3.4. Mineralization, degradation products, and their evolution pathways

According to the results obtained in LC-MS/MS analysis in both
positive and negative modes, 42 TPs were detected (Table S2). BTA
degradation pathways were proposed in PDS and PMS-based processes
(Fig. 4). This survey was carried out in presence and absence of Cl- to
track the TPs and seek possible changes in the BTA degradation
pathway. In absence of chloride, four different pathways were hypoth-
esized, as in Fig. 4a. The major degradation mechanisms for BTA were
hydroxylation, benzene ring-opening, bond cleavage, and carboxylic
acid formation. Surprisingly, in many of the identified TPs, the triazole
ring remained stable due to its higher persistence in degradation. A
study by Jorfi et al. [22] stated a different finding. They hypothesized
that BTA degradation was initiated by triazole ring-opening or
destruction of the double-bonded nitrogen in the triazole ring. In
another study on the degradation of 4- and 5-methyl-1H-benzotriazole,
the triazole ring remained intact [81]. Regarding the identified TPs in
Table S3, it can be seen that nitric acid (TP27) was identified in PDS and
PMS-based processes, both in the presence and absence of chloride. Of
note, in absence of chloride, nitric acid was merely identified at reaction
times of as long as 120 and 180 min. While in presence of chloride, it was
observed that nitric acid was also detected at much shorter reaction
times; at 10, 30, and 60 min (Table S3). Considering the identified TPs,
triazole ring-opening occurred when chloride was there within the so-
lution, and the triazole ring was the only nitrogen source in the studied
matrix. In other words, detection of nitric acid indicated triazole
ring-opening; the rate of this ring-opening reaction appears to be
boosted in the presence of chloride, especially in PMS/Cl process. It has
been found that presence of chloride at high concentrations (> 100 mM)
can enhance the degradation rate of nitrogen-containing rings and
bonds as they occur in azo dyes [37,82]. Occurrence of polymerization
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Fig. 4(. a). Proposed BTA degradation pathways during heat-activated PDS/PMS oxidation in absence of Cl-, Experimental conditions: T = 70 °C, [BTA], = 0.42 mM,
[PDS]g or [PMS]o = 15 mM, [Cl'] = 0 or 1000 mg/L, V = 100 mL, sodium hydroxide was added dropwise to maintain the pH around 6.9-7.4. (b). Proposed BTA
degradation pathways during heat-activated PDS/PMS oxidation in presence of Cl-, Experimental conditions: T = 70 °C, [BTA]o = 0.42 mM, [PDS], or [PMS], = 15
mM, [CI"] = 0 or 1000 mg/L, V = 100 mL, sodium hydroxide was added dropwise to maintain the pH around 6.9-7.4.

was detected by identifying TP1 and TP2 representing CyoHgNg and
C1gH11Ng with m/z of Ca. 236 and 353, respectively. Regarding
Table S3, the TPs mentioned earlier were identified from the beginning
of the degradation reactions in 10 min remaining in the solution until
over 120 min. Anyway, polymerization is a common mechanism at the
beginning of the degradation pathway [19]. BTA also underwent hy-
droxylation followed by benzene ring-opening and bond cleavage as
reflected by the identification of TP4-TP10, especially in absence of
chloride. These intermediates were shown up in 10-180 min reaction
time as in Table S3. Afterward, the intermediates were further oxidized
into carboxylic acids. It is worth noting that the solo triazole ring was
merely detectable in 180 min within both PDS and PMS-based processes
in the absence of CI".

In the case of chloride-laden samples, 28 TPs were detected; many of
them were chlorinated. As in Fig. 4b, BTA degradation was hypothesized
to follow a multilateral pathway, including the previously mentioned
mechanisms as well as chlorination of BTA, TPs, and carboxylic acids. In
PMS/CI", more chlorinated TPs were detected in comparison with PDS/
Cl. This finding was in agreement with the results obtained in the
mineralization study. As Table 2 indicated, PDS-based processes brought
about higher mineralization. Using PDS, 90% and 76% TOC removals
were obtained in the absence and presence of chloride, respectively.
Based on LC-MS/MS analysis results, many TPs, particularly TP28-TP35,
demonstrated the addition of a chlorine atom to the aromatic structures,
making the compound more persistent to oxidative degradation. On the
contrary, chloride exhibited a positive effect on TOC removal in a PMS-
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Table 2

BTA mineralization in presence and absence of Cl after 180 min reaction;
Experimental conditions: T = 70 °C, [BTA]o = 0.42 mM, [PDS], = [PMS], = 15
mM, V =100 mL, all experiments were buffered by 15 mM phosphate, and so-
dium hydroxide was added dropwise to maintain the pH around 6.9-7.4.

Cl" (mg/L) Mineralization (%)
PDS 0 90

1000 76
PMS 0 14

1000 43

based process, similar to the results obtained and discussed for BTA
removal. However, the application of PMS led to far less mineralization
(%) as compared to that of PDS (Table 2). As depicted in Fig 4b, many
chlorinated TPs such as TP22, TP23, TP29, TP31, TP32, TP33, and TP34
were formed in the PMS-based process and were mostly persistent until

180 min reaction time. Although the BTA removal rate was significantly
high in PMS/CI- than in PMS (as discussed in the kinetic study), it was
initially transformed into chlorinated BTA species through the third and
fourth pathways (Fig. 4b) with no significant mineralization. Never-
theless, the second pathway mainly consisted of hydroxylation, bond
cleavage, benzene, and triazole ring-opening leading to some degrees of
mineralization. To sum up, in presence of chloride, heat/PDS revealed
better results than heat/PMS from the aspect of TPs formation and
mineralization.

3.5. AOX formation

PDS is a symmetrical peroxide that is almost inert to anionic nucle-
ophiles like chloride. However, as an asymmetrical oxidant, PMS reac-
tivity in nucleophilic addition, e.g., in reaction with chloride as a
common anion of water, makes the reactions complex. Although Cl™ can
act as a SO®~ scavenger, it can concurrently induce another degradation
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pathway through direct reaction with PMS leading to the formation of
free chlorine species (Environ. Sci. Technol. 2021, 55, 5382—-5392). LC-
MS/MS analysis shows that chlorinated transformation products (TPs)
are formed and accumulated during BTA oxidation in presence of Cl-.
After the treatment, the AOX concentration was measured to assess the
total chlorinated TPs (Table 3). The AOX concentration of both PDS and
PMS experiments increased gradually with the increase of Cl- concen-
tration. Cl~ concentration from 100 to 10,000 mg/L increased the AOX
concentration from 2.5 to 9.1 mg/L in PDS and from 6.5 to 19.5 mg/L in
the PMS system. Meanwhile, at the same concentration of Cl-, the PMS
system formed more AOX than PDS. Applying 100 and 10,000 mg/L Cl~
in the PMS system, the AOX level was almost 2 to 3 times that in the PDS
system. More free chlorine was formed due to PMS and Cl reaction. The
oxygen atom transfer from PMS to halides is an endothermic reaction;
thus, the temperature elevation probably favors the generation of HOCIL
that occurs exclusively with PMS [28]. It is hypothesized that the
generated free chlorine could chlorinate the BTA directly to produce
AOX.

The AOX level was proportional to the Cl- level in the Acid Orange 7
degradation in UV/TiO [83]. AOX is harmful to human health and the
ecosystem, and increasing AOX means increasing toxicity. The industrial
wastewater treatment effluent’s AOX should be lower than 0.5 mg/L
[84]. The AOX level of our experiments was much higher than 0.5 mg/L
crying out for minimization. Applying PDS to treat chloride-containing
matrix, chlorine radicals dominantly attack the aromatic ring or dou-
ble bond, leading to AOX formation. While in the case of PMS-based
processes, both chlorine radical and free chlorine predominate,
inducing aromatic ring or double bond cleavage and direct chlorination,
respectively.

Fang et al. [85] evaluated the effect of chloride on degradation ki-
netic using AOPs, focusing on AOX evolution. The studied Co/PMS
process was more reactive under acidic conditions leading to high levels
of AOX. They stated that high chloride levels resulted in AOX accumu-
lation within the Co/PMS process [85]. Thus, it was found that initial pH
highly affected AOX formation during PMS-based AOPs. It was
concluded that PMS-based advanced oxidation processes are not rec-
ommended to treat highly saline wastewater, regardless of their effi-
ciency in high rate degradation of target organic pollutants [85].

3.6. Free chlorine and chlorates formation

In the present study, the formation of free chlorine and ClO3 after
180 min reaction in the PDS and PMS process in presence of Cl~ was
investigated and shown in Table 3. Only a small concentration of free
chlorine and no ClO3 was observed in the PDS process at any concen-
tration of Cl~. PMS produced certain amounts of free chlorine and ClO3
at any concentration of Cl". Additionally, with the increase of Cl- con-
centration, the amount of free chlorine and ClOsincreased. The

Table 3

AOX, free chlorine and chlorate formation, as well as toxicity in terms of%
luminescent inhabitation during BTA degradation at various Cl~ concentrations
after 180 min: Experimental conditions: T = 70 °C, [BTA]o, = 0.42 mM, [PDS],
or [PMS]p = 15 mM, V = 100 mL, sodium hydroxide was added dropwise to
maintain the pH around 6.9-7.4.

Cl(mg/ AOX (mg/ Free chlorine ClO3 Increase of

L) LasClp) (mg/L Cly) (mg/L) inhibition (%)
PDS 100 2.5 1.4 ND 9

1000 7.5 2.5 ND 14

1000 - - ND -

(25°C)

10,000 9.1 2.4 ND 36
PMS 100 6.5 4.6 9.6 17

1000 9.4 65 14.0 21

1000 - 98 16.7 -

(25°C)

10,000 19.5 223 32.3 42
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formation of ClO3 was raised by a factor of 3.5 when the concentration
of Cl- was 100 mg/L and 10,000 mg/L. Free chlorine is the precursor for
ClO3 formation. In the PDS system, SO®™ rather than PDS, reacts with
Cl generating free chlorine, while in the PMS-based process, apart from
the radical pathway, PMS directly reacts with chloride leading to the
generation of free chlorine. Thus, 98 mg/L free chlorine and 17 mg/L
ClO3 were formed in the 1000 mg/L Cl-/ PMS process at 25 °C (Table 3).
At 25 ©C, radical formation is limited, and ClOx formation is mainly
mediated by direct PMS and Cl™ reaction. Hou et al. [45] comprehen-
sively investigated chlorate formation in the co-exposure of SO3~, Cl~
and organics in PDS and PMS-based processes. They also reported a
higher generation of ClO3 in the PMS-based process than the PDS pro-
cess. It was mentioned that the application of sulfate radical-based AOPs
needs more attention in acidic pH.

3.7. Toxicity of degradation products

Luminescent bacteria were used to analyze the toxicity in both PDS
and PMS systems. The raising of luminescence inhibition represents the
increase of toxicity in samples. Table 3 summarizes the toxicity of each
sample. Bacteria are sensitive to environmental changes, so the micro-
toxicity experiments are not quantitative. After the reaction in 100
mg/L CI", the luminescence inhibition was increased by 9% and 17% in
PDS and PMS experiments, respectively. The luminescence inhibition
was increased by 14% and 21%, at 1000 mg/L CI-, and to 35.67% (PDS)
and 42.00% (PMS), at 10,000 mg/L Cl". Overall, the higher the CI
concentration, the higher value of inhibition was obtained. These results
also reflect two effects: i) the PMS system produced more AOX than the
PDS system at any Cl- concentration, and ii) the accumulation of AOX
increased the toxicity [86].

4. Conclusions

This study shows that heat-activated PDS/PMS is capable of
degrading BTA. PDS outcompeted the PMS process in the absence of Cl;
however, PMS outcompeted the PDS process in presence of Cl". Both
HO® and SO®- radicals contributed to BTA degradation in PDS and PMS
systems. BTA degradation in PDS was barely affected by pH. In contrast,
pH 7 was the best condition for PMS performance. Although a higher
degradation rate at pH 11 was initially seen in PMS, after 20 min, less
BTA degradation was observed since the PMS was easy to decompose
under basic conditions. In the PDS experiment, a low concentration
(100 mg/L) of Cl- slightly reduced the BTA degradation rate, but higher
concentrations (1000 mg/L or 10,000 mg/L) inhibited the reaction
significantly because of radical scavenging. In PMS, increasing Cl
concentration significantly increased the reaction rate at the optimum
condition at a Cl- concentration of 1000 mg/L due to active chlorine
formation. Generally, in degradation processes like AOPs especially in
presence of matrix constituents like Cl~, as in real samples and large-
scale applications, transformation products e.g. AOX and ClOy should
be monitored and must be taken into account for the selection and
optimization of the treatment processes. In this study, measurement of
non-radical chlorinated species (free chlorine) was carried out, while
radical chlorine species’ detection is proposed for further investigation.
At any concentration of Cl-, both PDS and PMS produced a significant
amount of AOX. PMS produced more AOX than PDS. Transformation
products (TPs) analysis showed that degradation pathways were
significantly altered in presence of Cl~. Polymerization, hydroxylation,
benzene ring-opening, and carboxylic acid formation were the common
degradation steps with and without Cl~. However, the Triazole ring was
broken quickly in presence of Cl, whereas it was more stable in the
absence of Cl". In addition, chlorination reaction dominated, producing
several chlorinated TPs, including chlorinated BTA and chlorinated
carboxylic acids. The micro-toxicity test indicated that the toxicity
increased in the treated samples in presence of Cl- due to the formation
of chlorinated TPs. These by-products were more toxic than the parent
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compound in both PDS and PMS. No chlorate was formed in PDS at any
Cl- concentration, but, ClO3 was found in the PMS system. Besides,
higher luminescence inhibition was observed in PMS system in presence
of chloride with more AOX formation. Further investigations on possible
inhibitory effects related to the residual oxidants, e.g., PDS and PMS, can
be considered in future studies. These findings may help better under-
stand the influence of Cl- in the BTA degradation rate and pathway in
PDS and PMS base oxidation. To avoid AOX formation, as little as
possible CI- is recommended.
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