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The decontamination of prometon (PMT) by ozone/hydroxylamine hydrochloride (O3/HAC) was systematically
investigated in this study with focus on the degradation mechanism and kinetics. Experimental results revealed
that there was an enhancement of PMT degradation eﬃciency by 42.1% and the pseudo-ﬁrst-order rate constant
by more than 5.7 times in O3/HAC process under low HAC dosage (5 mg L−1) after 3 min in comparison with O3
alone. The second-order rate constant of PMT with hydroxyl radical (•OH) was determined to be (1.84 ± 0.1) ×
109 M−1 s−1 and 7.80 × 109 M−1 s−1 via competition kinetics and •OH steady-state hypothesis, respectively.
The PMT removal in O3/HAC process was highly pH-dependent and the optimum degradation performance was
achieved under pH 5.0. In addition, •OH and singlet oxygen were identiﬁed as the primary reactive oxygen
radicals in O3/HAC process. Meanwhile, eleven transformation products of PMT were identiﬁed and possible
degradation mechanisms were proposed. Moreover, a kinetic model based on chemical kinetics and steady-state
hypothesis was developed and modiﬁed to predict the PMT abatement in O3/HAC process. The results demonstrated that the O3/HAC process provided a promising alternative for refractory organic pollutants decontamination in water treatment.
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1. Introduction

2. Materials and methods

Pesticides with diﬀerent chemical structures and target organisms
have been applied extensively in agriculture and urban settings, which
has contaminated the freshwater systems all over the world [1,2].
Prometon (PMT), as a typical triazine herbicide, is widely applied for
the broadleaf weeds and grasses control in non-crop ﬁelds [3]. However, due to its high aqueous solubility, persistence and widespread
usage, it was frequently detected in the surface water and groundwater
[4–6]. Therefore, exploring eﬃcient and environmentally benign
technologies for the mitigation of pesticides from water and wastewater
remains a big challenge, which has received signiﬁcant attentions in
recent years.
Ozonation, as an eﬀective water treatment technology, has been
widespread applied for micropollutants elimination [7–9]. The pollutants removal during ozonation is primarily achieved by direct ozone
(O3) and hydroxyl radicals (•OH) generated from the O3 decomposition
with water constituents. O3 is a selective oxidant which reacts preferentially with electron-rich organic compounds, besides the yield of
non-selective •OH during ozonation alone was limited under low pH
and could not achieve a suﬃcient removal of recalcitrant substances in
real water matrices [10,11]. Therefore, several O3-based advanced
oxidation processes (AOPs) including O3/catalysts, O3/hydrogen peroxide (H2O2), O3/UV, O3/persulfate (PS) and etc., have been put forward and extensively investigated in recent years, so as to enhance the
decomposition of O3 into more reactive radicals and expedite the refractory micropollutant abatement. Thus, in the drive toward eﬃcient
and green chemistry, the development of stable, eﬃcient and cost-effective O3-based AOPs has become an imperative task for the elimination of recalcitrant contaminants.
Hydroxylamine (HA) is a broadly used reductant and antioxidant in
industry, which could undergo electron transfer or H atom abstraction
reactions due to the ionizable hydroxyl moiety [12–15]. Additionally, it
could be widely obtained as reaction intermediates derived from the
nitriﬁcation and nitrogen-containing compounds reduction [16,17].
Previous studies have indicated that the introduction of HA could accelerate Fe(II)/Fe(III) redox cycles to promote the generation of reactive radicals in Fenton process or Fe(II)/peroxymonosulfate system
[18,19]. Chen et al. [20] also reported that the ionizable hydroxyl
moiety in HA structure can dramatically activate H2O2 to form •OH
even without a transition metal. Recently, it was found that the presence of HA could enhance the degradation of atrazine during ozonation, which has broadened the understanding of •OH generation in
ozonation process [21–23]. Hence, as an eﬀective O3-based AOP, O3/
HA process could achieve a satisfactory removal of refractory organic
compounds and would be a greatly promising technique for water
puriﬁcation. However, the role of HA under diﬀerent pH conditions and
the mechanisms of reactive oxygen radicals generation in O3/HA process have not been clearly elaborated. Moreover, the determination of
the second-order reaction rate constant of PMT with •OH (k•OH,PMT) via
competition kinetics and •OH steady-state hypothesis, and the degradation pathways of PMT have rarely been reported.
In the present study, HA was added in the form of hydroxylamine
hydrochloride (HAC). The major objectives were in the following aspects: 1) to explore the role of HAC on PMT degradation during ozonation; 2) to investigate the eﬀects of operational factors, including
HAC dosage, initial PMT concentration, inlet O3 concentration, solution
pH, natural organic matter (NOM) and inorganic ions in O3/HAC process; 3) to elucidate the possible roles and mechanisms of reactive radicals generation in presence of HAC; 4) to propose the degradation
pathways of PMT; 5) to predict PMT elimination by using a modiﬁed
kinetic model.

2.1. Materials and reagents
All of the following chemicals are at least of analytical reagent
grade. PMT (> 99.9%) was obtained from AccuStandard (USA). HAC,
2,2,6,6-tetramethyl-4-piperidinol (TEMP), and 5,5-dimethyl-1-pyrolinN-oxide (DMPO) were obtained from Aladdin Industrial Corporation
(China). Sodium azide (NaN3), sodium thiosulfate (Na2S2O3), tert-butanol (TBA) and etc. were purchased from Sinopharm Chemical Reagent
(China). The acetonitrile of chromatography grade and humic acid sodium as a model NOM constituent were supplied by Sigma–Aldrich
(USA). All the chemicals were directly used without any further puriﬁcation. The ultrapure water (18.2 MΩ cm) used in all the solutions
were produced from the Milli-Q A10 system (Millipore, USA).
2.2. Experimental procedures
Semi-continuous ozonation experiments at least in triplicates were
performed in a 500 mL glass reactor equipped with the magnetic stirring and thermostatic bath. HAC with desirable concentration was then
introduced into phosphate buﬀered solutions (5 mM) spiked with PMT
at predetermined concentration. The gaseous O3 produced by the 3S-A3
ozone generator (Tonglin Technology, China), was continuously
feeding into the reactor by the diﬀusers at the bottom. Samples were
withdrawn at regular intervals and immediately quenched by excess
Na2S2O3, and subsequently stored at 4 °C for further analysis. The collected surface water and the secondary eﬄuent were ﬁltered through
0.22 μm ﬁlters and stored in the dark at 4 °C for further use, and their
major characteristics are provided in Table S1.
2.3. Analytical methods
The gaseous O3 concentration was determined by UV-2100 ozone
analyzer (ZIBO ZHIPRER, China). The aqueous O3 concentration was
analyzed using the indigo method [24]. The PMT was separated and
detected by Waters e2695 HPLC-UV detector (USA) at λ = 218 nm
using acetonitrile/water (70:30, v/v) as the mobile phase at a ﬂow rate
of 1.0 mL min−1. The PMT degradation products were determined by
Agilent 1290 UPLC system (USA) and GC–MS 6800 system (Skyray
Instrument, China) and the detailed operational parameters are described in Text S1. The Elementar vario TOC analyzer (Germany) was
applied to monitor the total organic carbon (TOC) during the reaction.
Reactive radicals were trapped by DMPO and TEMP, and determined by
the electron spin resonance (ESR) characterization (A300, Bruker,
USA). The related operational procedures are described in Text S2.
2.4. Second-order reaction rate constant determination for PMT
The rate constants kO3, PMT and k•OH,PMT were determined by competition kinetics using pCBA as a reference compound, which reacts
with O3 and •OH with second-order reaction rate constants (kO3, pCBA and
k•OH,pCBA) of 0.15 M−1 s−1 and 5.0 × 109 M−1 s−1, respectively
[25,26].
The rate constant kO3, PMT was determined in the ozonation system in
5 mM phosphate buﬀer at pH 6.5 and 20 °C. The solution was spiked
with 100 mM TBA to scavenge the •OH in the system. Under these
conditions, since PMT and the reference compound pCBA were simultaneously present in the reaction system, thus, based on the secondorder rate laws, the kinetic expression for the ozone reactions can be
integrated as follow:

ln

kO3, PMT
[pCBA]
[PMT]
=
ln
[PMT]0
kO3, pCBA [pCBA]0

(1)

The rate constant kO3, PMT could then be determined by plotting ln
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([PMT]/[PMT]0) vs ln([pCBA]/[pCBA]0) with kO3, PMT / kO3, pCBA as a
slope of the straight line.
The rate constant k•OH,PMT was determined in the UV/H2O2 process
and •OH was produced by direct photolysis of H2O2 at 254 nm in 5 mM
phosphate buﬀer at pH 6.5 and 20 °C. The degradation of PMT and
pCBA in UV/H2O2 process included both direct photolysis and indirect
photolysis. Therefore, the k•OH,PMT could be calculated from Eq. (2).

ln

k•OH , PMT ⎛ [pCBA]
[PMT]
+ kUV , PMT t=
⎜ln
+ kUV , pCBA t⎞⎟
k•OH , pCBA ⎝ [pCBA]0
[PMT]0
⎠

(2)

where kUV,PMT and kUV,pCBA represent the direct photolysis rate constants of PMT and pCBA, respectively.
In order to conﬁrm the rate constant obtained from the competition
kinetics and evaluate the contribution of •OH, an alternative method
based on the •OH steady-state hypothesis [27] and without employing
the competitor was proposed to determine the k•OH,PMT and the detailed
calculation procedures are presented in Text S3. Based on the •OH
steady-state method, the k•OH,PMT was determined to be 7.80 × 109
M−1 s−1, which was larger but in the same order of magnitude compared to the result of competition kinetics.
3. Results and discussion
3.1. Activation of O3 by HAC for PMT degradation
To evaluate the activation of HAC towards O3, the PMT degradation
eﬃciency was investigated and compared at pH 6.0 in diﬀerent systems, namely O3 alone, HAC alone, O3/chloride ion (Cl−), O3/HAC,
O3/H2O2, and O3/PS processes. As depicted in Fig.1a, the PMT degradation eﬃciency in diﬀerent processes was observed to increase in
the following order: HAC < O3 alone ≈ O3/Cl− < O3/PS < O3/
H2O2 < O3/HAC. No degradation of PMT was observed for HAC alone.
Besides, no changes of PMT degradation were observed with or without
spiking Cl−, indicating that the eﬀect of Cl− introduced by HAC dosage
was negligible. It is noted from Fig. 1a that PMT was removed by approximately 81.3% in O3/HAC process within 3 min, while only about
39.2%, 42.1% and 70.3% removal of PMT was achieved in O3 alone,
O3/PS and O3/H2O2 processes. In addition, the pseudo-ﬁrst-order rate
constants (kobs) of PMT degradation in O3 alone, O3/PS, O3/H2O2, and
O3/HAC processes were 0.089, 0.097, 0.425, and 0.569 min−1, respectively. Moreover, the TOC removal in O3 alone and O3/HAC processes was 27.4% and 69.4% after 15 min (Fig. 1a-inset). The results
exhibited that the presence of HAC had signiﬁcantly enhanced the PMT
degradation during ozonation, which was primarily attributed to the
synergistic eﬀect between O3 and HAC. Moreover, the PMT degradation
in O3/HAC process was more eﬃcient than O3/H2O2 and O3/PS processes with equal mole dosage, providing another eﬀective alternative
for refractory pollutants elimination.
It was reported that the reaction of O3 with HAC was able to produce •OH [21]. Rct value deﬁned as the ratio of •OH exposure to O3
exposure in Eq. (3), has been used to represent the contribution of •OH
during ozonation [28]. Therefore, a higher Rct value implies that a
larger fraction of O3 is converted into •OH and Rct values can be calculated by plotting the logarithm of PMT degradation vs O3 exposure
according to Eq. (4) in diﬀerent processes.

∫ [•OH] dt
R ct =
∫ [OH] dt
[PMT] ⎞
In ⎛
= −(kO3,PMT + k•OH ,PMT R ct )
⎝ [PMT]0 ⎠
⎜

⎟

Fig. 1. Comparison of the PMT degradation in various processes (a) and determination of Rct parameter in O3 and O3/HAC processes (b). Inset represents
TOC removal along with the reaction in O3 and O3/HAC processes.
Experimental conditions: [HAC] = [H2O2] = [PS] = 0.072 mM, [Cl−] =
2.55 mg L−1, [PMT]0 = 2 mg L−1, [O3] = 7.5 mg min−1, 5 mM phosphate
buﬀered pH = 6.0, T = 20 °C.

theoretical calculation mentioned in Text S3, the k•OH,PMT was obtained
as 7.80 × 109 M−1 s−1, which was in the same order of magnitude
compared to the result of the competition kinetics. This method may act
as a potential choice in the case that there is no suitable competitor for
the determination of rate constants. Therefore, according to the ﬁtting
equations in Fig. 1b, the Rct values of O3 alone and O3/HAC processes
were extracted as 6.16 × 10−8 and 1.42 × 10−7, respectively. This
result demonstrated that the transformation eﬃciency of O3 into •OH in
O3/HAC process was higher than that in O3 alone. Hence, it was concluded that the addition of HAC could accelerate O3 decomposition and
•
OH generation, further eﬃciently enhanced the PMT degradation.

3.2. Eﬀects of operational parameters in O3/HAC process
3.2.1. HAC dosage
Since HAC plays a crucial role on the enhancement of PMT degradation, it is essential to investigate the eﬀects of HAC dosage on the
PMT removal eﬃciency. As illustrated in Fig. 2a, an obvious enhancement of PMT degradation with kobs values increasing from 0.251 to
0.522 min−1 was observed with the increase of HAC dosage in the
range of 1 to 5 mg L−1. However, when the HAC dosage further increased to 10 and 25 mg L−1, there was a distinct decrease on the degradation of PMT with kobs values declining to 0.441 and 0.298 min−1.

(3)

∫ [O3 ] dt

(4)

Based on the competition kinetics, the rate constants kO3, PMT and
k•OH,PMT were determined to be (0.79 ± 0.1) M−1 s−1 and
(1.84 ± 0.1) × 109 M−1 s−1 at pH 6.5 and 20 °C in this study, which
were consistent with our previous research (Fig.S1) [29]. Based on the
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Fig. 3. Eﬀect of pH on PMT degradation eﬃciency (a) and Rct values (b) in O3
and O3/HAC processes. Experimental conditions: [PMT]0 = 2 mg L−1,
[HAC] = 5 mg L−1, [O3] = 7.5 mg min−1, reaction time = 3 min (a),
T = 20 °C.

Fig. 2. Eﬀect of HAC dosage (a) and initial PMT concentration (b) on PMT
degradation in O3/HAC process. Experimental conditions: [PMT]0 = 2 mg L−1
(a), [HAC] = 5 mg L−1 (b), [O3] = 7.5 mg min−1, 5 mM phosphate buﬀered pH
= 6.0, T = 20 °C.

concentration [30]. In addition, the presence of HAC distinctly accelerated the abatement of PMT under diﬀerent inlet O3 concentrations.
When the inlet O3 concentration ranged from 5 to 35 mg L−1, the PMT
degradation rate in O3/HAC process was 93.3%, 97.1%, 99.9%, 99.9%,
and 100.0% (within 15 min), which was promoted by 66.6%, 58.2%,
45.9%, 34.2%, and 22.1% compared with the results in O3 alone, respectively (Fig.S2a). Furthermore, the kobs values of PMT degradation
were also raised from 0.024 to 0.111 min−1 for O3 alone, and from
0.143 to 0.735 min−1 for O3/HAC processes, respectively (Fig.S2b)
with the increase of inlet O3 concentration from 5 to 35 mg L−1.

Therefore, the presence of HAC in low concentration during ozonation
could enhance the production of •OH, thus, promoting the abatement of
PMT. While, when HAC existed at high concentration, the generated
•
OH could be partially scavenged by the residual HAC. HAC is also a
typical reducing agent and the reaction rate constants of •OH with
protonated HAC and unprotonated HAC are ≤ 5.0 × 108 M−1 s−1 and
9.5 × 109 M−1 s−1, respectively [25].
3.2.2. Initial PMT concentration
It was observed from Fig. 2b that the degradation eﬃciency of PMT
decreased from 95.2% to 50.0% (within 3 min) and the kobs values
declined from 1.005 to 0.165 min−1 with the initial PMT concentration
increasing from 0.5 to 8 mg L−1, which was ascribed to the competition
between PMT and its intermediates for the available active oxidants
(such as O3, •OH and etc.) produced in O3/HAC process. While, more
amount of PMT was eliminated with the increase of initial PMT concentration (inset Fig. 2b), which was probably due to the increasing
collision between PMT and the available active oxidants.

3.2.4. Solution pH
The distribution of HAC is highly pH-dependent due to its two pKa
(pKa1 = 5.96, pKa2 = 13.74) [31,32]. NH3OH+ and NH2OH are the
principal existing forms of HAC in the pH range of 3.0 − 9.0. As illustrated in Fig. 3a, the PMT degradation was distinctly enhanced with
the pH increase during O3 alone process, which was consistent with the
increasing trend of Rct value depicted in Fig. 3b. Whereas, when the pH
varied from 3.0 to 9.0 in O3/HAC process, the PMT degradation rate
increased ﬁrst and then declined. The greatest degradation performance
of PMT was achieved at pH 5.0. The elimination of PMT was dramatically enhanced in the pH range from 4.0 to 7.0, which well corresponded with the variation trend of Rct value shown in Fig. 3b, demonstrating that the presence of HAC obviously expedited the
transformation of O3 into •OH under acidic and neutral conditions.
The kobs values of PMT degradation and the distribution of HAC at
diﬀerent pHs in O3/HAC process were shown in Fig. 4. As the solution

3.2.3. Inlet O3 concentration
It is noted from Fig.S2 that with the increase of inlet O3 concentration, the removal of PMT was expectedly improved in both O3
alone and O3/HAC processes. This was because that the increase of inlet
O3 concentration could lead to the increasing partial pressure of O3 in
the gas phase, which then brought about a higher dissolved O3
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Fig. 4. Eﬀects of pH on kobs of PMT degradation in O3/HAC process and the
distribution of HAC. Experimental conditions: [PMT]0 = 2 mg L−1,
[HAC] = 5 mg L−1, [O3] = 7.5 mg min−1, T = 20 °C.

pH raised from 3.0 to 5.0, an obvious increase of kobs was observed, and
the maximum kobs value was obtained at pH 5.0. As depicted in Fig. 4,
the NH3OH+ form of HAC is dominated under acid condition. Zhang
et al. [23] have pointed out that the protonated HAC was able to accelerate the decomposition of O3 and •OH generation due to the special
zwitterionic tautomer structure (+NH3O−) of HAC, which makes HAC
may react as an oxygen nucleophile and further results in a higher reaction rate of O3 with HAC under acid condition. In addition, the
protonated form of the hydroxylamino radical (•H2NOH+), as the oneelectron transfer intermediate of HAC with a pKa of about 4.2, could
react with H2O2 much more rapidly than the unprotonated hydroxylamino radical (•HNOH) to generate •OH [14,33]. Therefore, it is
reasonable to speculate that the reaction rate of O3 with •H2NOH+ is
higher than that with •HNOH, which may partly account for the enhanced degradation of PMT under acidic condition. With the pH
varying from 6.0 to 9.0, there was an apparent decrease on kobs value of
PMT degradation compared to that at pH 5.0. This could be attributed
to the stronger scavenging eﬀects on •OH by NH2OH than NH3OH+
(k•OH , NH3 OH + ≤ 5.0 × 108 M−1 s−1, k•OH , NH2 OH = 9.5 × 109 M−1 s−1)
[25]. Consequently, the abatement of PMT in O3/HAC process was
primarily ascribed to the concomitant impact of solution pH on the
reaction between O3 and HAC, the scavenging eﬀect of HAC towards
•
OH and the distribution of intermediate radicals.

Fig. 5. Eﬀects of TBA and NaN3 on PMT degradation (a) and ESR spectra of the
DMPO-•OH and TEMP-1O2 adducts formed (b) in O3 alone and O3/HAC processes. Experimental conditions: [PMT]0 = 2 mg L−1, [HAC] = 5 mg L−1,
[O3] = 7.5 mg min−1, [TBA] = [NaN3] = 100 mg L−1, [DMPO] =
[TEMP] = 100 μM, 5 mM phosphate buﬀered pH = 5.0, T = 20 °C.

consumption and disturb the •OH chain reactions from the reaction of
O3 with HAC [36]. Furthermore, the PMT abatement was dramatically
suppressed in the wastewater and surface water with the kobs values of
0.092 and 0.212 min−1, which was principally due to the scavenging
eﬀects of eﬄuent organic matter, HCO3− and other coexisting substances towards •OH and O3 [37,38].

3.2.5. Water matrix
The NOM and inorganic ions, existed ubiquitously in the surface
water and wastewater, can greatly aﬀect the radical chemistry during
ozonation and further inﬂuence the pollutants removal. Humic acid, as
a crucial component of NOM, was selected as a substitute to investigate
the impacts of NOM on PMT destruction in this study. As displayed in
Fig.S3, the presence of humic acid showed an obvious repressive eﬀect
on the PMT elimination. As the increase of humic acid from 1 to
10 mg L−1 (as TOC), the kobs values of PMT degradation decreased from
0.602 to 0.199 min−1 (inset Fig.S3). It was probably ascribed to the
competition between humic acid and PMT for available oxidants (i.e. O3
and •OH), e.g. the reaction rate constant between humic acid and •OH
was approximately (2.5 ± 0.4) × 104 (mgC L−1)−1 s−1 [34].
It was observed from Fig.S4 that the inorganic ions at ambient
concentrations including SO42−, Cl−, NO3−, K+, Ca2+, and Mg2+,
aﬀected slightly on the removal of PMT except for HCO3− and NO2−. It
is well known that HCO3− and NO2− are the common scavengers of
•
OH with rate constants of 8.5 × 106 M−1 s−1 and (0.6–1.4) × 1010
M−1 s−1, respectively [25,35]. When HCO3− and NO2− were introduced, they could quench the generated •OH and thus inhibit the
degradation of PMT. NO2− also has a high reactivity towards O3
(kO3, NO2− = (3.7 ± 0.5) × 105 M−1 s−1), which could accelerate the O3

3.3. Exploration of reaction mechanisms in O3/HAC process
3.3.1. Reactive species participated in O3/HAC process
To clarify the dominating reactive species participated in O3/HAC
process, the scavenger experiments were conducted with TBA and NaN3
as the radical scavengers of •OH and singlet oxygen (1O2), respectively.
The second order rate constant of TBA with •OH is about (3.8 − 7.6) ×
108 M−1 s−1 [39,40]. The rate constant of NaN3 with 1O2 is 1.0 × 109
M−1 s−1, which is approximately 2 orders of magnitude higher than
that with •OH (3.6 × 107 M−1 s−1) [41]. As shown in Fig. 5a, the removal of PMT was obviously suppressed with the introduction of radical scavengers in O3/HAC process and the inhibitory eﬀects were
much more pronounced compared to O3 alone with the same dosage of
scavengers, suggesting that both •OH and 1O2 are the major reactive
radicals in O3/HAC process, which was in agreement with the research
of Yang et al. [21] that in addition to •OH, 1O2 may also be produced via
the reaction of O3 with HAC and contribute to the degradation of pollutants.
Furthermore, the formation of •OH and 1O2 radicals were
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corroborated by ESR characterization in O3/HAC process. DMPO and
TEMP were selected as the spin trapping agents for •OH and 1O2, respectively [42,43]. As depicted in Fig. 5b, a typical four-line signal with
a peak intensity ratio of 1:2:2:1 belonging to the DMPO-•OH adduct was
observed, indicating •OH was formed in this process. In addition, a 1:1:1
triplet signal characteristic peak of TEMP-1O2 adduct was also detected,
which further conﬁrmed the production of 1O2 in O3/HAC process.
Noteworthily, the negligible peaks formed from the mixture of O3 solution with DMPO and TEMP could exclude the interference of DMPO
or TEMP itself from reacting with O3 and contributing to the generation
of reactive radicals. Overall, the higher intensity of TEMP-1O2 and
DMPO-•OH signals in ESR spectra well supported the radical scavenger
experiments, providing a solid proof for the enhancement of •OH and
1
O2 production in O3/HAC process.
3.3.2. Possible pathways for •OH and 1O2 generation
Since the enhanced degradation of PMT was primarily attributed to
the •OH and 1O2 generated from the reaction of O3 with HAC, it is
necessary to elucidate possible pathways for the formation of •OH and
1
O2 in O3/HAC process. The ﬁrst step is likely to be the formation of an
adduct at the nitrogen atom during the reaction of O3 with HAC (Eq.
(5)) [21]. Subsequently, according to the O-atom transfer reaction, O2
may be released from the O3 adduct (Eq. (6)). Considering the spin
conversion rule, the product generated from the O3 adduct must be a
singlet, thereby producing the 1O2, since the singlet state is the ground
state of O3 adduct [8].

NH2 OH + O3 → OOO − NH2 OH

(5)

1

(6)

OOO − NH2 OH → ONH2 OH + O2

Based on the reaction of O3 with secondary amines, it is also possible to produce the NH2OO• through electron transfer during the
ozonation of NH2OH (Eq. (7)) [22,44]. HO2• is also generated in this
reaction, which further dissociates into O2•− and proton (Eq. (8)) [45].
Moreover, NH2OO• may be formed during the oxidation of HAC through
H abstraction as expressed in Eqs. (9) and (10) [22,44]. The formed
O2•− undergoes electron transfer with O3 to produce O3•− (Eq. (11)). As
the most vital precursor for •OH, O3•− can react with H2O to ultimately
generate •OH based on the Eqs. (12) and (13). Notably, NH2OO• is an
amphoteric radical, which can capture or release an electron [46]. The
released electron from NH2OO• can be captured by dissolved oxygen
and forms O2•−, further converting into •OH. The electron captured by
NH2OO• is likely to be obtained from PMT, resulting in the peroxidation
of PMT [22].

Fig. 6. Proposed degradation pathways of PMT in O3/HAC process and the
transformation products inside the brackets were not detected in this study.

NH2 OH + O3 → NH2 OH• + + O•3− → NH2 OO• + HO•2

(7)

O•3− + H+ → HO•3

(15)

HO•2 → O•2− + H+

(8)

HO•3 → •O H+ O2

(16)

NH2 OH + O3 → NH2 O• + HO•3

NH2

O•

+ O3 → NH2

OO•

+

O•2

(9)

O•2− + O3 → O•3− + O2

(11)

O•3− ↔ O• − + O2

(12)

•

O• − + H2 O↔ O H+ HO−

3.4. PMT transformation products (TPs) and degradation pathways

(10)
Eleven TPs of PMT have been identiﬁed by UPLC-MS/MS and
GC–MS analysis in O3/HAC process. The main fragment ions of PMT
and the proposed molecular formulas are provided in Table S2 and the
plausible degradation pathways for PMT are put forward in Fig. 6. The
degradation of PMT in our study was primarily attributed to the dealkylation [6,49–51]. The attack of •OH on the α-C adjacent to nitrogen
atom results in the generation of a carbon-center radical, which is
subsequently oxidized and converted to a Shiﬀ base by lossing a perhydroxyl radical and then the hydrolysis of the Shiﬀ base leads to the
dealkylated products [52,53]. The dealkylation of PMT resulted in the
formation of TP 2, TP 3, TP 4, TP 6, TP 7, TP 8 and TP 9 due to the loss
of methyl, ethyl group and isopropyl group of PMT and its intermediates. During the oxidation of PMT, oleﬁnation may also take place
and yielded TP 1 and TP 5 [21,54]. Additionally, the amino group of TP
9 was likely to be further oxidized or hydroxylated [55,56] and generated micromolecular aldehyde and ketone such as TP 12 and TP 13

(13)

In addition, it should be noted that HAC is a kind of ambident αeﬀect nucleophile, which has the zwitterionic tautomer with the
structure of ammonia oxide (+NH3O−) [47]. +NH3O− is not a typical
oxyanion and may react with other substances as both electrophilic and
nucleophile due to its amphoteric characteristic [48]. Therefore, the
presence of +NH3O− can lead to an acceleration of •OH generation at
low pH, which produces O3•− via a direct electron transfer [23]. The
primary reactions at acidic pH are likely to be as shown in Eqs.
(14)–(16).
+

NH3 O− + O3 → NH3 O• + + O•3−

(14)
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The concentrations of NH3OH+ and NH2OH can be determined via
Eqs. (23) and (24), where α represents the dissociation degree of HAC,
[HAC]T signiﬁes the total concentration of HAC and K(HAC) denotes the
dissociation constant of HAC.

[NH2 OH] = α [HAC]T =

K (HAC )
[HAC]T
H+ + K (HAC )

[NH3 OH+] = (1 − α )[HAC]T =

(23)

H+
[HAC]T
H+ + K (HAC )

(24)

Substitution of Eqs. (23) and (24) into Eq. (22) yields

[•OH]SS
H+

=

k1 H+ + K

(HAC )

K (HAC )

[HAC]T [O3] + k2 H+ + K
H+

k 4 H+ + K

(HAC )

(HAC )

K (HAC )

[HAC]T + k5 H+ + K

Fig. 7. Relationship between the calculated kobs and the experimental kobs of
PMT degradation in O3/HAC process.

Despite it is diﬃcult to predict the elimination eﬃciency of various
micropollutants due to the structural diversity and the ﬂuctuating
quality of wastewater matrix, an approach based on chemical kinetics
can be feasible [10]. The abatement of a micropollutant (MP) during
ozonation can be expressed by Eq. (17).
⎟

∫ [O3] dt + k OH ∫ [ OH] dt
•

kobs = 0.02206k•OH , PMT [•OH]SS − 0.01907

⎜

⎟

This study undergoes a systematically exploration into the role of
HAC in the activation of ozonation. The presence of HAC signiﬁcantly
promoted the O3 decomposition and PMT degradation during ozonation, especially under acidic and neutral conditions. High dosage of
HAC may weaken the enhancing eﬀect due to the consumption of •OH
by HAC. The major reactive oxidants for the PMT degradation were
determined to be •OH and 1O2. In addition, eleven TPs of PMT were
identiﬁed and plausible degradation pathways of PMT were proposed.
A modiﬁed kinetic model for the prediction of PMT elimination was
also established, which could provide some guidance for O3/HAC applications. Our ﬁndings may have critical implications for the development of novel oxidation processes for recalcitrant contaminants mitigation in water puriﬁcation. Further investigations are still needed to
understand the potential formation mechanisms of oxidation byproducts such as bromate and nitrosamines during ozonation in the
presence of HAC and to apply mitigation strategies where necessary.

(17)

∫ [•OH] dt ≈ k OH ,PMT [•OH]SS t
•

(18)

The kobs for PMT degradation can be presented by Eq. (19).

kobs = k•OH , PMT [•OH]SS
•

(19)
•

where [ OH]SS is the steady-state concentration of OH during ozonation. In O3/HAC process, the formation of •OH is primarily ascribed to
the reactions of O3 with HAC and OH−, thus, the •OH generation rate
can be expressed as Eq. (20). The newly-generated •OH is rapidly consumed by PMT and the residual HAC. Hence, the •OH consumption rate
can be described as Eq. (21).

d [•OH]
= k1 [O3][NH3 OH+] + k2 [O3][NH2 OH] + k3 [O3][OH−]
dt
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(20)

•

−

d [ OH]
= k 4 [•OH][NH3 OH+] + k5 [•OH][NH2 OH] + k6 [•OH][PMT]
dt
(21)

Appendix A. Supplementary data

where k1, k2, k3 are the rate constants of O3 with NH3OH+, NH2OH and
OH−, respectively (i.e. k1 < 2 M−1 s−1, k2 = 2.1 × 104 M−1 s−1,
k3 = 70 M−1 s−1) [36,57] and k4, k5, k6 represent the rate constants of
•
OH with NH3OH+, NH2OH and PMT, which are available in aforementioned section. Based on the steady-state hypothesis, the •OH formation rate equals the •OH consumption rate, therefore, the [•OH]SS can
be simpliﬁed as Eq. (22).
•

[ OH]SS

k [O ][NH3 OH+] + k2 [O3][NH2 OH] + k3 [O3][OH−]
= 1 3
k 4 [NH3 OH+] + k5 [NH2 OH] + k6 [PMT]

(26)

4. Conclusions

•

Since PMT is an ozone-resistant micropollutant and the rate constant kO3, PMT (0.79 M−1 s−1) is much lower than k•OH,PMT (1.84 × 109
M−1 s−1), indicating that the contribution of molecular O3 to PMT
degradation is negligible. Therefore, the Eq. (17) can be rearranged into
Eq. (18).

[PMT] ⎞
− ln ⎛
= k•OH , PMT
[PMT]
0⎠
⎝

[HAC]T + k6 [PMT]
(25)

3.5. Kinetic study for the reaction of O3 with HAC

⎜

(HAC )

Therefore, the kobs values of PMT degradation could be obtained
based on Eqs. (19) and (25). As illustrated in Fig. 7, there was a good ﬁt
between the calculated degradation rates and the experimental results,
manifesting that the model was valid for estimating PMT elimination.
Additionally, the inlet O3 concentration was used as the [O3] in Eq. (25)
to simplify the calculation. Therefore, the kobs values of PMT degradation in Eq. (19) can be modiﬁed as Eq. (26) and then it is promising to predict the removal of PMT in O3/HAC process.

with the ring opening of TP 10 or TP 11 in the end, indicating that a
high extent of mineralization of PMT was achieved in O3/HAC process.

[MP] ⎞
− ln ⎛
= k O3
⎝ [MP]0 ⎠

[HAC]T [O3] + k3 [O3][OH−]

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2019.03.121.
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