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The large consumption and discharge of diclofenac (DCF) lead to its frequent detection in surface wa-
ter and groundwater, posing great threats to humans and ecosystems. This study explored the oxidation
kinetics of DCF by permanganate (Mn(VII)), and expounded the underlying reason for the unusual pH-
dependency that was unclear in previous studies. The kinetics of DCF analogues (i.e., aromatic secondary
amines) by Mn(VII) oxidation were comparatively investigated. Then, a tentative kinetic model involv-
ing the formation of an intermediate between Mn(VII) and DCF or its analogues was proposed to fit the
pH-rate profile. Since DCF contained two chloro groups, and a carboxyl group which could be ionized
by negative electrospray ionization, a precursor ionization scanning approach was used for the first time
for detection of N-containing chlorinated oxidation products. New degradation pathways of DCF contain-
ing ring opening, carboxylation, carbonylation, electrophilic addition, hydroxylation and dehydrogenation
were proposed based on the identified oxidation products. Moreover, it was demonstrated that the intro-
duction of various reducing agents such as Mn(Il), Fe(Il) and bisulfite significantly improved the oxidation
kinetics of DCF by Mn(VII). The positive effects of Mn(Il) and Fe(Il) were mainly attributed to the accel-
erated formation of MnO, that acted as a catalyst or co-oxidizer contributing to DCF degradation. The
presence of bisulfite caused two-stage kinetics, where a sharp drop of DCF concentration followed by a
slowdown of DCF removal. In the first stage, potent reactive manganese species (e.g., Mn(Ill), Mn(V), and
Mn(VI)) and sulfate radical were generated during reaction of bisulfite with Mn(VII), whereas bisulfite
was depleted fast due to excess Mn(VII) concentrations and the system became the Mn(VII)/MnO, sys-
tem in the second stage. These results provide new insight into reaction mechanism of DCF with Mn(VII)
as well as propose a feasible strategy for enhancing the treatment of DCF contaminated water by Mn(VII).
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Non-steroidal anti-inflammatory drugs (NSAIDs) play a pivotal
role in the treatment of human and animal diseases [1]. However,
due to their persistence to metabolism processes, NSAIDs may be
excreted both unmetabolized and as metabolites [2]. Due to in-
effective degradation in wastewater treatment processes, NSAIDs
have been released into surface water and soil, leaving a host of
environmental problems [3]. Diclofenac (DCF), one of the most rep-
resentative NSAIDs with the highest acute toxicity, becomes one of
the most prescribed drugs in the whole world for the joint pain
caused by osteoarthritis [4]. The extensive production and con-
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sumption of DCF lead to its frequent detection in surface water
and groundwater of different geographical regions with concentra-
tion ranging from ng/L to pg/L [5-7]. Several studies have revealed
that even trace amounts of DCF, but ubiquitous in the environment,
have the potential to cause adverse ecological effects [8,9]. For in-
stance, DCF pollutants in surface water can cause exert deadly ef-
fects by damaging renal and gastrointestinal tissue in several ver-
tebrates, such as fishes [10,11]. In addition, DCF has been reported
to be associated with some human hematologic diseases, such as
aplastic anemia, neutropenia, and thrombocytopenia [12]. The cur-
rent researches on the removal of DCF from water sources mainly
included biological treatment [13], adsorption [14], and chemical
oxidation methods [15]. Among them, chemical oxidation meth-
ods that offer remarkable treatment efficiency are highly desired.
However, common oxidants such as ozone (Os3), ferrate (Fe(VI)),
Fenton and Fenton-like systems have some disadvantages includ-
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ing the large amount of oxidant required, the high economic cost
possible production of new pollution (e.g., ferric sludges) or toxic
byproducts, thus limiting their application in practical engineer-
ing processes [16,17]. Therefore, it is significant to investigate cost-
effective chemical oxidation methods for the treatment of DCF con-
taminated water.

Permanganate (Mn(VII)), which has been widely used by wa-
ter utilities to control dissolved manganese/iron irons, taste and
odor compounds, has been reported to be reasonably effective
in degrading some emerging micropollutants containing electron-
rich moieties (e.g., phenols, anilines and olefins) [18-21]. Compared
with other chemical oxidants, Mn(VII) is attractive due to its com-
parative stability, effectiveness over a wide pH range, ease of han-
dling, and relatively low cost [22]. Moreover, Mn(VII) is an oxi-
dant itself and needs no extra oxidant or energy input compared
to Mn-based materials, which are commonly used as catalysts for
oxidation [23]. Several studies demonstrated that DCF could be ox-
idized fairly by Mn(VII), and the degradation kinetics of DCF de-
creased significantly with the increase of pH [12,24]. Similar pH
dependency was observed in anilines oxidation by Mn(VII) [25]. It
is noted that DCF possesses the phenylamino group in its molec-
ular structure. However, different reasons for the pH dependency
of organics oxidation by Mn(VII) were given in these studies. For
instance, Cheng et al. proposed that amine nitrogen moiety of DCF
was the most probable primary reactive site for Mn(VII) attack, and
the interaction between an ionized carboxylate group and amine
nitrogen might reduce the nucleophilicity of phenylamino group
by inductive and resonance effects, resulting in low reactivity of
the anionic DCF toward Mn(VII) [12]. Pang et al. proposed a kinetic
model involving the formation of an intermediate between Mn(VII)
and anilines to account for the pH dependency [26]. Given the con-
tradicting explanations, the pH-dependent reaction kinetics of DCF
with Mn(VII) warrant further study.

Recently, a novel precursor ionization scanning (PIS) approach
using electrospray ionization-triple quadrupole mass spectrometry
(ESI-QqQMS) connected with high/ultra performance liquid chro-
matography has been widely used for fast and selective detec-
tion of halogenated disinfection byproducts (DBPs) in water sam-
ples [27-29]. The main working principle is that polar halogen-
containing compounds are collided in triple quadrupole at nega-
tive ESI to produce fragment halogen ions which can pass triple
quadrupole and thus be detected [30]. Given that the PIS approach
requires a negative ESI, oxidation products of N-containing organ-
ics (commonly detected in a positive ESI) are hardly detected by
PIS approach. Howbeit, DCF possesses both carboxyl and halogen
groups, which allows the PIS approach with a negative ESI to be
used for the detection of N-containing organics.

Due to the relatively mild oxidation capacity, a high Mn(VII)
dosage is needed to achieve the satisfactory removal efficiency of
DCF especially under alkaline pH conditions, which however may
cause the appearance of chromaticity in the treated water and also
increases water treatment costs. Several studies have found that
reductants can enhance organics oxidation by Mn(VII) owing to the
generation of various manganese species [31-36]. For instance, it
is demonstrated that colloidal MnO,, which is formed in situ or ex
situ by Mn(VII) and reductants (e.g., Mn(IlI) and Fe(Il)), could sig-
nificantly accelerate the oxidation kinetics of triclosan by Mn(VII)
[31,32]. In addition, some reactive manganese species (RMnS) (i.e.,
Mn(Ill), Mn(V), and Mn(VI)) are formed in situ by Mn(VII) in the
presence of reductive ligands (e.g., bisulfite, pyrophosphate, EDTA,
and humic acid), resulting in rapid degradation of micropollutants
[31,33,35]. However, little information is available on how reduc-
tants affect the DCF oxidation by Mn(VII).

The objective of this work was to explore the underlying reason
for the pH dependency of DCF oxidation by Mn(VII) and to assess
the degradation performance of DCF by Mn(VII) in the presence of
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common reducing agents. Firstly, the reaction kinetics of Mn(VII)
with DCF and its several analogues (i.e., diphenylamine (DPA), 2,6-
dichlorodiphenylamine (DCDPA), N-phenylanthranilic acid (NPAA))
were determined over a wide pH range of 4-10. The introduc-
tion of the analogues was to further understanding of the effect
of carboxyl group on the pH-dependent reaction kinetics of DCF
by Mn(VII). Secondly, the oxidation products of DCF reaction with
Mn(VII) were identified with the HPLC/ESI-QqQMS PIS approach
for the first time, and were compared with those obtained by
the conventional full scan approach. Then, the tentative oxidation
pathways were proposed. Finally, the promoting effect of several
reductants (i.e., Mn(Il), Fe(Il), and bisulfite) on DCF oxidation by
Mn(VII) was examined.

The chemicals and materials used in the experiments were
listed as follows. Diclofenac (DCF, 98%), diphenylamine (DPA, 99%),
2,6-dichlorodiphenylamine (DCDPA, 98%), N-phenylanthranilic acid
(NPAA, 98%) were obtained from Aldrich-Sigma (detail structural
formulas were shown in Table S1 in Supporting information).
All the other reagents (KMnO4, MnSO,4, FeSO4-7H,0, CH3COONa,
Na,B407-10H,0, NaOH, HCIO4, CH3COOH) and solvents (CH30H)
were purchased from Aldrich-Sigma, Aladdin or Sinopharm. All so-
lutions were prepared in Milli-Q deionized water (>18 M cm,
Millipore). Mn(VII) stock solutions were prepared by dissolving
crystal Mn(VII) in deionized water and standardized spectropho-
tometrically by both a direct 525 nm method and an ABTS method
[32]. The stock solutions of colloidal MnO, were prepared follow-
ing the methods reported in the literature [37] (briefly presented
in Text S1 in Supporting information) and standardized by de-
termining total manganese concentration with inductively coupled
plasma optical emission spectrometer after dissolution by ascorbic
acid [32]. All the experiments were conducted at 25+ 1°C in water
bath. The change of solution pH was low (& 0.1) during the kinetic
runs. All experiments were run in duplicates or triplicates, and the
average data with their standard deviations were presented.

Reactions were initiated by adding Mn(VII) into pH-buffered
solutions (10 mmol/L acetate buffer for pH 4-6, 10 mmol/L borax
buffer for pH 7-10) containing DCF (5umol/L) and/or an interest
constituent at desirable concentrations. Moreover, when inorganic
reductants were introduced, reactions were initiated by adding de-
sirable dosages of Mn(VII) and reductant at the same time into pH-
buffered solutions containing DCF. Aliquots were periodically col-
lected and quenched by ascorbic acid in excess and then subjected
to analysis with high performance liquid chromatography (HPLC).
Detail information and parameter were line in Text S2 (Supporting
information).

To identify oxidation products, a series of solutions containing
DCF (at a relatively high concentration of 10 umol/L) were treated
by Mn(VII) at varying doses (10-100pumol/L) under pH 8. When
the reactions reached completion (i.e., Mn(VII) was totally con-
sumed), aliquots were collected by filtration (0.2 umol/L glass fiber
filters) and analyzed by HPLC and electrospray ionization-triple
quadrupole mass spectrometry (HPLC/ESI-QqQMS) using a precur-
sor ion scan (PIS) approach (detail information and parameter were
shown in Text S3 in Supporting information). The working princi-
ple for the PIS approach has been well described in literature [27-
30]. Herein, the PIS of m/z 35 is briefly exemplified to elucidate
how the PIS approach works. The mass spectrometer has three
quadrupoles, Q1, Q2, and Q3 in sequence. A water sample is as-
sumed to contain two compounds (A and B). A has chloride atoms,
while B does not. These two compounds can be ionized by nega-
tive electrospray ionization to their corresponding molecular ions
A~ and B~. When these two molecular ions pass Q1 quadrupole,
their m/z values are scanned. Then, they enter into Q2 and col-
lide with nitrogen gas to produce fragment ions. A~ can produce
chloride ion (3*Cl~ and 37CI~), while B~ cannot. When the PIS of
m/z 35 is set, only the fragment chloride ion 3°Cl~ can pass Q3
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Fig. 1. Degradation of DCF by Mn(VII) oxidation. Experimental conditions:
[Mn(VII)]p =50 pmol/L, [DCF]y = 5 umol/L.

and thus be detected. Meanwhile, the precursor molecular ion (i.e.,
A-) of 35CI- is recorded and shown in the PIS spectrum of m/z
35. In contrast, the molecular ion B~ is silent in the PIS spec-
trum of m/z 35. Therefore, polar (i.e., ionizable in negative elec-
trospray) chloride-containing compounds in water samples can be
selectively detected from the complex background matrices.

The reaction kinetics of DCF with Mn(VII) over pH 4-10 were
investigated, which showed that the degradation rate of DCF de-
creased with pH increasing from 4 to 6, and there was no sig-
nificant change of DCF degradation rate when pH was further in-
creased to 10 (Fig. 1). The loss of DCF during Mn(VII) oxidation at
pH 6-10 followed the pseudo-first-order kinetics (Mn(VII) was 10
times in excess than DCF), suggesting that the reaction was first-
order with respect to DCF. Meanwhile, the kinetic plateau of DCF
reaction with Mn(VII) could be further demonstrated by second-
order rate constants (kyyny, L mol~! s~1) tabulated in Table S2
in Supporting information (the calculation of kynyy was elabo-
rated by Text S4 in Supporting information). Noticeably, the loss
of DCF exhibited autocatalysis at pH 4-5, which was also found
in Mn(VII) reaction with other organic compounds (e.g., triclosan,
and bromo-anilines) [25,31]. In these studies, autocatalysis was at-
tributed to the formation of in-situ MnO, during redox reactions.
To eliminate the effect of intermediate product at pH 4-5, approx-
imated pseudo-first-order kinetics with the reaction rate of the ini-
tial phase (see dashed lines in Fig. 1) were utilized to determine
Knnevin)-

The observed pH-dependent reaction kinetics were also re-
ported by Cheng et al., where the acid-base speciation of DCF was
considered as the main reason [12]. The neutral form (DCF) is pre-
dominant when pH < 4.2, whereas the anionic form (DCF~) is the
major form at pH > 6.0. Therefore, the ionized carboxylate group
of DCF~ without the restriction of protons may interact with the
amine nitrogen moiety, which can reduce the nucleophilicity of the
amine nitrogen (the reactive site for Mn(VII) attack) by inductive
and resonance effects. Interestingly, when we introduced the aro-
matic secondary amines analogues of DCF to examine the effect of
carboxyl group toward the pH dependency of DCF by Mn(VII), DPA
and DCDPA (without carboxyl group) both exhibited similar reac-
tion kinetics to DCF and NPAA (with carboxyl group) (Fig. 2). This
suggested that pH-dependent reaction kinetics of DCF by Mn(VII)
might not be associated with the existence of carboxyl group.

Similar to DCF, the unusual pH-rate profiles were also found in
our previous studies regarding the oxidation of anilines by Mn(VII),
where a tentative reaction kinetic model was proposed to fit them
well [26]. This model was also previously proposed by Du et al. and
Jiang et al., which well fit the pH-rate profiles of halogenated phe-
nols (i.e., chlorophenols and bromophenols) reaction with Mn(VII)
[38,39]. Given DCF has the amino group similar to anilines, herein,
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the model (Eqs. 1-4) was attempted to fit the reaction kinetics of
DCF. It was found that the model could well fit the pH-rate profiles
of Mn(VII) and DCF (Fig. 2a). The detailed mathematic reasoning of
kinetic equations was shown in Text S5 (Supporting information).

Ar,NHS <% H*+Ar,NH (1)
Mn(VII) + Ar,NHJ LY products (2)
Mn(VII) + Ar,NH <’;—> Mn(VII) — Ar,NH 3)
Mn(VII) — Ar,NH %% products (4)

In this model, undissociated amines (Ar,NH,*) was directly ox-
idated with Mn(VII) while an intermediate [Mn(VII)-Ar,NH] was
formed between dissociated amines (Ar,NH) and Mn(VII) firstly,
and then [Mn(VII)-Ar,NH] further decomposed to products. This
model also well described the pH-dependent reaction kinetics of
the aromatic secondary amines analogues of DCF (Figs. 2b-d, their
second-order rate constants were shown in Table S2 in Support-
ing information). This result suggested that aromatic secondary
amines had similar behaviors to DCF toward Mn(VII) oxidation,
which provided additional support for the reaction mechanism be-
tween Mn(VII) and DCF.

A novel and powerful HPLC/ESI-QqQMS PIS approach, developed
by Zhang’s group [30], has been widely used for fast and selective
detection of halogenated organics in water [39-41]. Although PIS
approach required a negative ESI that was not suitable for detect-
ing N-containing organics, DCF possessed a carboxyl group which
could be ionized by negative electrospray ionization to molecular
ions. Therefore, we used the PIS approach (m/z 35) for the detec-
tion of a sample containing DCF treated with Mn(VII) at pH 7 for
comparison with the conventionally used full scan approach (Fig.
3). As could be seen, the product peaks in the chromatogram of
PIS approach were much more distinct as compared to those ob-
tained by full scan approach, which facilitated the analysis of the
products and their formation pathways.

As shown in Fig. 3a, the chromatogram of oxidized DCF con-
tained ten major product peaks as well as the peak of parent DCFE.
The peak at near 24 min, which was in consistent with the DCF-
only case (Fig. S1 in Supporting information), showed a MS spec-
trum with molecular ion peaks at m/z 294/296 (the inset of Fig. S1
in Supporting information). Given that the isotopic abundance ratio
of 33C1/37Cl satisfies 3:1, the MS spectrum peak of DCF (containing
two chlorine atoms) should correspond to the molecular ion of m/z
294/296. The product peaks in the chromatograms of the PIS at
m/z 35 and 37 had the same retention times (Fig. S2 in Supporting
information), suggesting that degradation products should contain
Cl. The intensities of counterpart peaks at m/z 35 and 37 satisfied
3:1, which was further consistent with the isotopic abundance ra-
tio of 32Cl/37Cl. As shown in Fig. S3 (Supporting information), the
MS spectrum of products P1-P10 corresponded to two peaks (m/z
M/M + 2), respectively, indicating that these products contained 2Cl
[42]. Furthermore, the even m/z of main products P1-P10 in neg-
ative mode indicated the presence of an odd number of N in the
structure. Hence, the 2,6-dichloroaniline moiety was retained dur-
ing DCF degradation, which was in accordance with the previous
studies [12,24].

In addition to the products detected using the full scan ap-
proach reported in previous studies (i.e., P1, P3, P9) [12,43,44],
some previously undetected products were also found using PIS.
The analysis of the ion chromatogram, corresponding MS spectrum,
fragment ion patterns, and the isotopic abundance were used to
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Fig. 2. Measured second-order rate constants (Kypnwmy, L mol=! s=1) of Mn(VII) reaction with four aromatic secondary amines over the pH range of 4-10. The dashed lines

show the model fit. (a) DCF, (b) DPA, (c) DCDPA, and (d) NPAA.
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Fig. 3. LC chromatogram of DCF oxidation by Mn(VII) at pH 7 ([DCF]o = 10 pmol/L,
[Mn(VII)]o =75 pumol/L). (a) PIS approach, (b) full scan approach.

identify the molecular structure of the degradation products (Table
S3 in Supporting information).

According to the analysis of main products, the degradation
pathways were proposed in Fig. 4. DCF was attacked by Mn(VII)
at the N-H or non-chlorinated ring site, leading to the formation
of products P2 and P10, respectively. The further transformation of
product P10 might undergo three different ring opening processes
(pathways I, II, III). In pathway I, product P6 was produced through
the electron-richest ring opening of P10 and formation of an alde-
hyde group, and it was further carbonylated to form P4. In path-
way I, an intermediated product (IP) was tentatively proposed by
the ring opening of P10 followed by the cleavage of the C-C bond.
In addition, products P3, P5, P7, P9 were further generated from
IP by electrophilic addition, hydroxylation, dehydrogenation. More-
over, the carboxyl groups of P9 were formed by further oxidation
of aldehyde groups. In pathway III, product P8 was generated by
the ring opening and oxidation of P10. Product P1 was produced
from P8 by further cleavage of the C-C double bond and oxidation
of the aldehyde groups.

As can be seen from the kinetic results, the oxidation capacity
of Mn(VII) is relatively mild. Previous studies indicated that reduc-
ing agents (e.g., Mn(Il) and Fe(Il)) could enhance the reaction of tri-
closan with Mn(VII) mainly attributed to the in-situ formed MnO,
[31,32]. Therefore, both metal (i.e., Mn(II) and Fe(Il)) and non-metal
(i.e., bisulfite) reducing agents were introduced here to examine
if the presence of reductant can enhance the removal of DCF by
Mn(VII).

As shown in Fig. 5, the loss of DCF was appreciably increased
owing to the presence of Mn(Il) and Fe(Il) under pH 5, which
was attributed to the accelerated formation of MnO,. In addi-

tion, isodose of MnO, (50pumol/L) prepared ex situ by Na,;S,0;
and Mn(VII) was introduced as control group to further under-
stand the role of in situ formed MnO, in the reaction of DCF by
Mn(VII) oxidation (Fig. S4 in Supporting information). The pseudo-
first-order rate constant (kops, min~!) of Mn(VII)/MnO, under pH
5 (0.269min"!) was greater than the sum of those obtained by
Mn(VII) (0.0121 min~') and MnO, (0.107 min~') alone oxidation, in-
dicating that MnO, exhibited both oxidative and catalytic activi-
ties. Over the pH range of 5-9, Mn(II) and Fe(Il) were also used to
form isodose of in-situ MnO, (50 umol/L). In particular, there was
no significant difference between in situ and non-in situ MnO, as
catalyst or oxidizer (data not shown). However, negligible influence
of MnO, on Mn(VII) reaction with DCF under neutral/alkaline pH
conditions was observed (Fig. S5 in Supporting information), indi-
cating the weak reactivity of MnO, at higher pH. DCF removal by
in-situ MnO, alone system was also investigated (Fig. S6 in Sup-
porting information) for contrast, which further revealed the negli-
gible enhancement of MnO, as an oxidant toward the DCF removal
by Mn(VII) under neutral/alkaline pH.

When sodium bisulfite (NaHSO3) was introduced as a reducing
agent, the degradation of DCF exhibited two-stage kinetics, where
there was a sharply drop of DCF concentration in the first stage
(less than 10s, the fastest manually sampling time) and then the
rate slowed down, similar to the kinetics obtained in Mn(VII)/metal
reducing agents processes (Fig. 5). This probably resulted from the
generation of RMnS (e.g., Mn(lIll), Mn(V), and Mn(VI)) and sulfate
radical during reaction of bisulfite with Mn(VII) in the first stage,
whereas bisulfite was depleted fast due to excess Mn(VII) concen-
trations and the system became the Mn(VII)/MnO, system in the
second stage. Considerably fast reaction kinetics were also found
in the degradation of other organics by the Mn(VII)/bisulfite sys-
tem [45,46].

DCF degradation in the first stage showed a strong depen-
dence on pH. The removal efficiency of DCF in this stage de-
creased from ~38% to ~15% as the solution pH increased from
5 to 9 (Fig. S7a in Supporting information). Meanwhile, effects
of initial doses of Mn(VII) and bisulfite were also determined. As
depicted in Fig. S8a (Supporting information), DCF removal effi-
ciency in the first stage increased from ~10% to ~30% with ini-
tial dosages of Mn(VII) increasing from 50pmol/L to 200 pmol/L
and then stabilized when Mn(VII) was further increased (the ra-
tio of Mn(VII)/bisulfite was kept at 4:3). In addition, different ini-
tial dosages of bisulfite were used at a fixed Mn(VII) dosage to
clarify the effect of Mn(VII)/bisulfite ratio (from 1:0.2 to 1:20) on
DCF degradation (Fig. S8b in Supporting information). Results indi-
cated that DCF degradation in the first stage reached its maximum
when Mn(VII)/bisulfite was 1:5. The degradation of the analogues
of DCF were also examined in the Mn(VII)/bisulfite system over a
pH range of 5-9 (Figs. S7b-d in Supporting information). Similar
two-stage kinetics were also observed, suggesting the contribution
of RMnS and radicals to these organics oxidation, consistent with
the case of DCF.
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Fig. 5. The oxidation kinetics of DCF by Mn(VII) in the presence of three reduced
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[Mn(VII)]o = 50 pmol/L without reducing agent, and pH 5. (The doses of Mn(VII) and
reducing agents were decided by forming both 50umol/L Mn(VII) and 50 pmol/L
MHOZ).

In conclusion, this work investigated the pH-dependent reaction
kinetics of DCF and its analogues by Mn(VII) to further understand-
ing the potential mechanisms of aromatic secondary amines oxida-
tion. Moreover, a PIS approach was used for the first time to an-
alyze the oxidation products of DCF. In addition, effects of some
inorganic reducing agents on DCF oxidation by Mn(VII) were eval-
uated. The following conclusions were obtained:

(1) The oxidation kinetics of DCF by Mn(VII) over a wide pH range
of 4-10 were investigated; the second-order rate constant de-
creased from 13.25 L mol~! s~ to 1.49L mol-! s~ with increas-
ing pH from 4 to 6, and then a kinetic plateau was reached
when pH was further increased to 10.

(2) A tentative kinetic model involving the formation of an inter-
mediate between Mn(VII) and deprotonated organics was pro-
posed, which could well fit the pH-rate profiles of DCF and its
analogues reaction with Mn(VII).

(3) A novel and powerful HPLC/ESI-QqQMS PIS approach (required
a negative ESI) was firstly used for the detection of degrada-
tion products of DCF, which was N-containing organics com-
monly detected in a positive ESI. Moreover, degradation path-
ways of DCF containing ring opening, carboxylation, carbonyla-

the presence of bisulfite, the degradation of DCF by Mn(VII) ex-
hibited two-stages kinetics, where a sharp drop of DCF concen-
tration followed by a slowdown of DCF removal was observed.
In the first stage, RMnS and sulfate radical were generated dur-
ing reaction of bisulfite with Mn(VII) responsible for the ex-
tremely rapid oxidation of DCF, whereas bisulfite was depleted
fast due to excess Mn(VII) concentrations and the system be-
came the Mn(VII)/MnO, system in the second stage.
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