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H I G H L I G H T S

• K of the Mn(VII)/S(IV) process was
4–5 orders of magnitude higher than
the Cr(VI)/S(IV) process.

• The reaction stoichiometry of [Cr
(VI)]0:[S(IV)]0 was determined to be
1:30–1:40.

• SO4%− was major active oxidant in
Mn(VII)/S(IV) and Cr(VI)/S(IV) sys-
tems.

• Mn(VII)/S(IV) process exhibits a
stronger adaptation to the water ma-
trices.
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A B S T R A C T

In this study, the oxidation kinetics, mechanisms, effects and products of metalaxyl (MTL) by two different S(IV)-
based processes (i.e., Mn(VII)/S(IV) and Cr(VI)/S(IV)) were systematically investigated and compared. The re-
sults showed that the concentration of S(IV) was primarily responsible for driving Mn(VII) and Cr(VI) con-
sumption with a measured second order rate constant (k), and the k of Mn(VII) was less dependent on pH than
that of Cr(VI), ranging from 104.7 M−1 s−1 to 104.9 M−1 s−1 and 10−0.4 M−1 s−1 to 101.6 M−1 s−1, respectively.
Moreover, the reaction stoichiometry of [Cr(VI)]0:[S(IV)]0 was estimated to about 1:30–1:40 in the presence of
O2, which was significantly different from the molar ratio of [Mn(VII)]0 to [S(IV]0 (1:5–1:10). Sulfur radical
(SO4%−) was determined to be a major active oxidant in both the systems based on the chemical probes and
radical scavenging experiments. Besides, carbonate and chloride have greater inhibitory effects than other co-
existing solutes (e.g., nitrate and organic matter) because of the higher reactivity with radical species. In ad-
dition, the proposed degradation of MTL mainly proceeded through hydroxylation, demethylation, and car-
boxylation reactions. All these results indicated that Mn(VII) outperforms Cr(VI) in the activation of S(IV) auto-
oxidation for the degradation of MTL. An extremely fast degradation rate, high mineralization and strong
adaptation to the water matrices were observed in the process, which were attributed to ultra-fast production of
high concentrations of radical species such as SO4%−, HO% and high valent manganese intermediates (e.g., Mn
(III) and Mn(V)).
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1. Introduction

Bisulfite (S(IV)) is widely used as a quencher due to its reducibility,
and the auto-oxidation of aqueous solutions of S(IV) has received much
attention for many years [1,2]. It is known that these processes are
based on free-radical chemistry of S(IV) auto-oxidation and sulfate ra-
dical advanced oxidation processes (SR-AOPs), which become a pro-
mising method in the field of oxidative decontamination of water and
wastewater [3,4]. Generally, the reaction kinetics of S(IV) auto-oxida-
tion is highly pH-dependent, which is mainly attributed to the reactivity
of S(IV) varies with S(IV) form distribution changes in water (Eqs. (1)
and (2)) [5]. Also, it is not difficult to understand the reaction of S(IV)
auto-oxidation is initiated by the oxidation of HSO3−/SO32− to SO3%−

and the rapid oxidation of SO3%− to SO5%− (the precursor of SO4%−)
by O2 in aqueous solution. However, O2 input by the atmosphere en-
vironment usually induces an inefficient production of SO3%− because
E0O2/H2O (0.815 V) is closed to the E0SO32−/SO3

%
− (0.76 V) [6,7].

+ =+H SO HSO H pK  1.762 3 3 a1 (1)

+ =+HSO SO H pK  7.203 3
2

a2 (2)

To improve the SO3%− production efficiency, various strategies,
such as transition metals [8], transition metal ions [9], and transition
metal oxyanions [10,11], have been adopted to activate S(IV). It is well
known that transition metals are important elements in environmental
processes and catalytic materials because their rich redox chemistry
and ability to form species of high catalytic reactivity [12]. In fact, S
(IV) can indeed be homogenously activated by various transition metals
(e.g., Mn, Fe, Co, Ni and Cu) via releasing electrons to target compound
[8,13]. Although S(IV) could react with transition metal ions (e.g., Fe
(III), Cu(II) and Mn(II)) to generate sulfate radical (SO4%−) [9,14,15], it
is still necessary to develop a more efficient and cost-effective activa-
tion process to achieve the efficient utilization of S(IV). The transition
metal oxyanions, especially the high valent metal oxyanions (e.g., Mn
(VII) and Fe(VI)), which have received increasing attention in mental-
mediated oxidation of various organic contaminants [16,17]. Recently,
many studies have investigated the transformation of contaminants by
the Mn(VII)/S(IV), Fe(VI)/S(IV) and Cr(VI)/S(IV) processes [18–20].
These processes generate various radical species (SO4%− and hydroxyl
radical (HO%)), high valent reactive intermediates (Mn(V/III), Fe(V/IV)
and Cr(V)), which have high standard redox potentials and thus are
able to efficiently degrade various organics [21].

Among series of the activation of the S(IV) processes (e.g., Mn(VII)/
S(IV), Fe(VI)/S(IV) and Cr(VI)/S(IV)), none of them but Mn(VII)/S(IV)
process can degrade contaminants in milliseconds [20,22,23]. Besides,
it’s well known that the reaction stoichiometry of [Mn(VII)]0:[S(IV)]0
and [Fe(VI)]0:[S(IV)]0 were around 1:5 and 1:4, respectively [24,25].
However, a stoichiometric ratio relevant for Cr(VI)/S(IV) process has
not been reported to the best of our knowledge. Moreover, a higher
apparent selectivity for the oxidation of many organic contaminants
during the Cr(VI)/S(IV) reaction were observed than the Mn(VII)/S(IV)
and Fe(VI)/S(IV) reactions [20]. Although the degradation kinetics of
ciprofloxacin by the Mn(VII)/S(IV) process has been investigated [26],
little was known for the reaction kinetics of the Mn(VII)/S(IV) and Cr
(VI)/S(IV) systems in the absence of pollutants. Interestingly, Guan
et al. found that the Mn(VII)/S(IV) process could oxidize nitrobenzene,
a HO% probe compound [10]. However, there was almost no degrada-
tion of nitrobenzene in the Cr(VI)/S(IV) system [27]. Hence, even for
the same type of reaction (S(IV)-based process), it is difficult to com-
prehensively summarize the oxidation mechanism with the same
model, indicating the necessary to investigate the oxidation mechanism
respectively.

Although the UV−visible spectra of the Mn(VI/III) and Cr(V/IV)
intermediates have been determined by spectrophotometric analysis at
oxygenated/deoxygenated solutions [19,20], the role of high valent Mn
or Cr species is complex and still unclear, especially the influence of

oxygen concentration on the reactivity of high valent Mn or Cr species
toward target compounds. More importantly, formed Mn(III) may cat-
alyze S(IV) in aqueous solution to accelerate the SO4%− generation
and/or transformation. Besides, it would be meaningful to investigate
whether HO% forms or not during the oxidation of S(IV) by Mn(VII) and
Cr(VI), which could provide a new insight for the mechanism in S(IV)-
based process. Consequently, the degradation differences of pollutants
between the two processes are necessary to investigated systematically.

Metalaxyl (MTL), which is a widely used acylanilide chiral fungi-
cide, residues in the environment and agricultural products, has drawn
increasing attention due to high detection rate, persistence and poten-
tial risks to human health [28,29]. In this study, the oxidation kinetics
of MTL by the Mn(VII)/S(IV) and Cr(VI)/S(IV) processes were firstly
compared at different initial pHs. Then, we further examined the effects
of oxygen, and different kinds of radical scavengers on both systems.
The degradation mechanisms of two systems and the contribution of
reactive species were tentatively proposed. Furthermore, the effects of
water matrices (e.g., chloride, carbonate and natural organic matter) on
degradation of MTL by two S(IV)-based processes were also evaluated.
Finally, the oxidation products of MTL were identified. It is expected to
provide a detailed degradation comparison of MTL between the Mn
(VII)/S(IV) and Cr(VI)/S(IV) processes.

2. Materials and methods

2.1. Materials

Potassium permanganate (Mn(VII)), potassium dichromate (Cr(VI)),
sodium bisulfite (S(IV)), sodium thiosulfate (Na2S2O3), 1-hexanol, tert-
butanol (TBA), nitrobenzene (NB), sodium pyrophosphate (PP,
Na4P2O7), NaOH (AR) and H2SO4 (AR) were purchased from Sinopharm
Chemical Reagent Co. Ltd. China. Humic acid (HA) was obtained from
Sigma-Aldrich. The neat standard of MTL (purity≥ 95%) was obtained
from Ark Pharm. Acetonitrile and methanol (MeOH) were purchased
from Thermo Fisher Scientific at high-performance liquid chromato-
graphy (HPLC) grade purity. All other chemicals were used as received.
All solutions were prepared in ultra-pure water (18.2 MΩ·cm) produced
by an Advantage A10 Milli-Q system (Millipore).

2.2. Experimental procedures

Batch degradation experiments were conducted in 250mL glass
bottles open to the air, which were equipped with a magnetic stirrer at a
temperature-controlled room (25 ± 2 °C). The pH-adjusted solutions
(no buffer) containing S(IV) (250 μM) and MTL (5 μM) with a total
volume of 100mL, which were adjusted to the target pH levels by
adding H2SO4 or NaOH. The stock solution of Mn(VII) (50mM) and Cr
(VI) (25mM) were added to initiate the experiment. Periodically, the
kinetic experiments usually lasted 30min and 1.0mL of sample was
withdrawn at predetermined time intervals, quenched with Na2S2O3
([S2O32−]:[Oxidant]= 5.0), filtered with 0.45-µm polyethersulfone
filters and then analyzed for residual MTL concentration with an HPLC.
All experiments were repeated at least twice with a standard deviation
of < 5%, and the average values were presented.

The stopped-flow spectrophotometer (SFS, Model SX20, Applied
Photophysics Ltd., Leatherhead, UK) was used to conduct the rapid
kinetic experiments. In the stopped-flow kinetic experiments, the so-
lutions of Mn(VII) and S(IV) were prepared respectively and were ad-
justed to a predetermined pH with a prepared phosphate buffer solution
(2mM) in advance. Reactions were initiated by simultaneously in-
jecting an equal volume of two working solutions into the optical cell of
the SFS with two automatic syringes driven by compressed nitrogen. To
verify the degradation of Mn(VII) in the reaction between S(IV) and Mn
(VII), the change of UV absorbance at 525 nm with time was de-
termined with the stopped-flow spectrophotometer.

The determination of Cr(VI) is relatively complicated due to its
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maximum characteristic absorption intensity corresponding to a blue-
shifted in wavelength with decreasing pH, accompanied by a decrease
in absorbance intensity (Fig. S1). In addition, it’s known that the initial
pH will decrease during Cr(VI)/S(IV) reactions in aqueous solution. To
conduct the reduction of Cr(VI), the HACH UV−visible spectro-
photometer (DR−6000) was employed for this study to monitor the
maximum absorbance based on the predetermined wavelengths at dif-
ferent pHs (under phosphate buffer solution (2mM)), respectively. All
the measurements were performed in quartz cuvette with an optical
pathway of 1 cm and a volume of 3mL.

The concentration of dissolved oxygen (DO) (0.1–9.1mg L−1) on
the abatement of MTL by the Mn(VII)/S(IV) and Cr(VI)/S(IV) processes
were purged high-purity nitrogen into the working solution under
magnetic stirring by different flows. To make sure the DO concentration
of working solution more accurately, the DO meter is always in the
solution, and can be fine-tuned through the valve in time when the
indication fluctuates.

2.3. Analysis

The pH of the solution was determined by pH meter (Mettler). The
concentration of MTL was detected with an Agilent 1200 Series HPLC
system equipped with an Atlantis C18 column (4.6× 250mm, 5.0 μm)
at UV wavelengths of 220 nm. The mobile phase was a mixture of
acetonitrile/water (55/45, v/v) at a flow rate of 1.0mLmin−1. The
injection volume was 100 µL, and the column temperature was main-
tained at 25 °C. The limit of quantitation of MTL by HPLC was de-
termined to be 10.0 μg L−1. The DO concentration and dissolved or-
ganic carbon (DOC) determination were measured using a Cellox 325
DO electrode (WTW) and TOC-VCSN TOC analyzer (Shimadzu) re-
spectively.

The high molecular weight transformation products of MTL by two
S(IV)-based processes were performed using the ultra-performance li-
quid chromatography-tandem quadrupole time-of-flight mass spectro-
metry (UPLC-QTOF-MS/MS, AcQuity LC, Xevo G2 QTOF MS, Waters,
USA) coupled with an Eclipse Plus C18 column (2.1× 150mm, 3.5 μm,
Agilent), whose analytical methods were shown in detail in Text S1.

3. Results and discussion

3.1. Oxidation kinetics of MTL by two S(IV)-based processes

3.1.1. Degradation efficiency of MTL in the Mn(VII)/S(IV) process and Cr
(VI)/S(IV) process

The degradation of MTL by two S(IV)-based systems is system-
atically compared in Fig. 1, which showed that MTL is negligible de-
graded with Mn(VII), Cr(VI) and S(IV) alone. It was found that the
removal of MTL decreased gradually with the reaction time in the Cr
(VI)/S(IV) process, and the pseudo-first-order rate constants of MTL
degradation could be calculated. MTL was degraded 73.6% in the Cr
(VI)/S(IV) process at pHini 5.0 within 30min. Compared with the Cr
(VI)/S(IV) process, the Mn(VII)/S(IV) process accelerated the de-
gradation of MTL significantly, which was finished within several sec-
onds (< 15 s). In fact, the Mn(VII)/S(IV) process may degrade con-
taminants within a few milliseconds [10,22,30]. However, the reason of
the ultrafast reactivity in the Mn(VII)/S(IV) process is unclear, which
deserves further study.

3.1.2. Effect of Mn(VII) or Cr(VI) dosage
In order to further obtain insights into the mechanism of degrada-

tion of pollutants in the S(IV)-based process, the effects of different
concentrations of Mn(VII) and Cr(VI) based on S(IV) (250 μM) on the
removal of MTL were investigated. As shown in Fig. 2, the removal of
MTL was slightly affected by changing Mn in the Mn(VII)/S(IV) pro-
cesses and the degradation efficiency of MTL only decreased to 82.1%
as the concentration of Mn(VII) further decreased to 12.5 μM. Previous

studies also exhibited a [Mn(VII)]0: [S(IV)]0 ratio dependency, where it
maximized at the ratio of 1:10–1:5 [24,31]. In contrast, the ratio of Cr
(VI) to S(IV) showed an obvious impact on the transformation of MTL in
the Cr(VI)/S(IV) process. The observed pseudo-first-order rate constants
(kobs) of MTL oxidation by the Cr(VI)/S(IV) process was increased from
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Fig. 1. Degradation efficiency of MTL in different S(IV)-based processes.
Experimental conditions: [Mn(VII)]0= 50 μM, [Cr(VI)]0= 50 μM, [S
(IV)]0= 250 μM, [MTL]0=5.0 μM, pH=5.0, solutions exposed to air,
T=25 °C.
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Fig. 2. Effect of molar ratio of Mn(VII) or Cr(VI) to S(IV) on the degradation of
MTL. by the Mn(VII)/S(IV) and Cr(VI)/S(IV) processes. Experimental condi-
tions: [Mn(VII)]0 = 12.5–83.3 μM, [Cr(VI)]0 = 25–250 μM, [S(IV)]0 =
250 μM, [MTL]0 = 5.0 μM, pH = 5.0, solutions exposed to air, T = 25 °C.
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0.02 to 0.15min−1, as the dosage of Cr(VI) raised from 25 to 250 μM.
Higher dosage of Cr(VI) may probably increase the collision rate with S
(IV), further to induce more reactive radical species initiation, which
would induced the obvious enhancement of MTL degradation. How-
ever, the reaction of S(IV) reducing Cr(VI) for radicals generation was
inhibited at high Cr(VI) concentrations, indicating that the reduction
mechanism of Cr(VI) may depend on the Cr(VI) levels in the Cr(VI)/S
(IV) systems [11]. This result could also verify that Cr(VI) enhanced the
transformation of S(IV) into reactive intermediates and its transfor-
mation efficiency was positively correlated with the Cr(VI) concentra-
tion.

3.1.3. Effect of sulfite dosage
Previous study showed that all species (SO32−, SO42− and Cr(III)) in

the Cr(VI)/S(IV) process had no interference with the determination of
the change of Cr(VI) concentration by the spectrophotometric method
(352 nm) with the molar absorption coefficient of Cr(VI) concentration
being 1.65×103 M−1 cm−1 at pH 5.0 [32]. Thus, to further investigate
the optimal reaction stoichiometry of the Cr(VI)/S(IV) process,
UV−vis experiments were also conducted at various S(IV) dosages
(100–1000 μM) with a fixed concentration of Cr(VI) (100 μM) at pHini
5.0. As shown in Fig. S2, there was a good linear relationship between
Cr(VI) consumption and initial S(IV) concentration (−Δ[Cr
(VI)]= 0.026 [S(IV)]0), and the reaction stoichiometry of [Cr(VI)]0/[S
(IV)]0 value determined to be∼38.5 within the appropriate con-
centration range, implying that the optimal [Cr(VI)]0:[S(IV)]0M ratio
may be about 1:30–1:40 in the presence of O2. In addition, the influence
of S(IV) dosage (150–500 μM) on MTL (5 μM) degradation was eval-
uated in the Cr(VI)/S(IV) system with a fixed the ratio of Cr(VI) to S(IV)
(1:3) under pHini 5.0. As depicted in the Fig. S3A, the transformation
efficacy of MTL significantly increased from 19.4% to 98.2% with in-
creasing sulfite concentration from 150 to 400 μM. Fig. S3B shows that
the kinetics of MTL degradation and S(IV) concentration are not cor-
related. Besides, the kobs for MTL degradation increased exponentially
from 0.02 to 0.60min−1 in batch reactions with increasing initial S(IV)
concentration. This increase could be attributed to the generation of Cr
(III), acting as a initiator to the redox cycle of Cr(III)− Cr(VI)− Cr(III)
[33], can accelerate the sulfite consumption, Cr(VI) reduction and ra-
dical species formation. It is noteworthy that the optimal reaction ratio
cannot be achieved due to incomplete consumption of Cr(VI). This may
be a good explanation for why the previous studies did not obtain the
reaction stoichiometry between Cr(VI) and S(IV) [27,34].

3.1.4. Reaction kinetics of Mn(VII) and Cr(VI) by S(IV)
Recently, there has been increasing attention on the formation of

Mn(III) in the Mn(VII)/S(IV) process [10,35]. Although the formation of
Mn(III) could be detected by complexing PP, and quantified by a
competition kinetics method based on stopped-flow experiments, the
disproportionation of Mn(III) is inevitable [26,36]. It will not only re-
duce the quantitative concentration of Mn(III), but also the generation
of MnO2 would interfere with the absorbance of Mn(III) during the
analytical process. The absorbances of manganese intermediates (Mn
(VI), Mn(V), and Mn(IV)) have little interference on monitoring the
absorbance of Mn(VII) at 525 nm in the Mn(VII)/S(IV) process
[10,19,22]. Thus, the reduction of Mn(VII) can be easily identified by
the distinct absorbance peak at 525 nm [37], which may be a more
reasonable method to study the oxidation kinetics of the Mn(VII)/S(IV)
process.

Assuming that the HSO3− was responsible for driving the ac-
celerated MnO4− consumption, the rate of MnO4− consumption should
be significantly promoted with decreasing pH. As shown in Fig. S4, the
disappearance kinetics of MnO4− in the Mn(VII)/S(IV) process are de-
termined using stopped-flow spectroscopy in phosphate buffer solutions
at different pHs. All the ratios of Mn(VII) to S(IV) were compliance with
pseudo first-order conditions (10-fold excess of S(IV)) and the kobs could
be determined from the slope of the logarithm of Mn(VII) versus time

(Fig. S4), detailed in Table S1. As shown in Fig. 3A, kobs exhibited a
linear relationship with S(IV) concentration at a given pH, indicating
second-order kinetics of the reaction between Mn(VII) and S(IV). The
rate of Mn(VII) consumption can be described by following Eq. (3):

= =k kd[Mn(VII)]/dt [Mn(VII)][S(IV)]obs T (3)

where k is the apparent second-order rate constant for the reaction of
Mn(VII) with S(IV) at a given pH and obtained from the slopes of lines
in Fig. 3 and [S(IV)]T is the total concentration of S(IV). The obtained k
ranged from 104.7 M−1 s−1 to 104.9 M−1 s−1 with the pH decreasing
from 8.5 to 6.5. This observation suggested that Mn(VII) reacted with S
(IV) had a wide range of pH applications in water treatment.

Unlike the Mn(VII)/S(IV) process, the oxidation kinetics of Cr(VI)
are highly pH dependent (Fig. S5), because two protonation species for
Cr(VI) exist in water, which have different activities with sulfite [38].
The redox potentials of Cr(VI) vary significantly (with+ 0.56 VNHE
and+ 0.94 VNHE in neutral and acidic circumstances, respectively)
[11]. Therefore, a faster reduction of Cr(VI) is expected at more acidic
pH. To obtain the degradation kinetics of Cr(VI) by S(IV), the time
scanning mode of DR−6000 was firstly investigated at pH 5.5–7.5
according to the above method for detecting Cr(VI). Compared with the
Mn(VII)/S(IV) process, the reduction of Cr(VI) was also at the same
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Fig. 3. Measured pseudo-first order rate constants of oxidant consumption
versus S(IV) concentration at different pHs. Experimental conditions: [Mn
(VII)]0= 50 μM, [Cr(VI)]0= 50 μM, [phosphate buffer]0= 2mM, solutions
exposed to air, T=25 °C.
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initial concentration of 50 µM. According to the method for in-
vestigating the reaction kinetics of Mn(VII), the reaction between the S
(IV) and Cr(VI) could be further summarized with Eq. (4).

= =k kd[Cr(VI)]/dt [Cr(VI)][S(IV)]obs T (4)

where k'obs can be easily obtained from pseudo-first order kinetic
fitting (not shown) based on Fig. S6, and k' is the apparent second-order
rate constant for the reaction of Cr(VI) with S(IV). It was also found that
the k' showed a linear relationship with concentrations of S(IV) like the
Mn(VII)/S(IV) process (Fig. 3). In addition, Cr(VI) was thoroughly
consumed with molar ratio of Cr(VI):S(IV) ranging 1:30–1:40 at pHini
5.5, further verifying the stoichiometry of the Cr(VI)/S(IV) process (Fig.
S6A). Moreover, the k'obs decreased significantly with increasing pH,
which could be attributed to the species-specific reactivity between Cr
(VI) and S(IV). The contribution of main species to the overall reaction
rate would be discussed in detail on the removal of MTL at different
pHs. There was also a second-order dependence (n=2) with respect to
[S(IV)] in the Cr(VI)/S(IV) process [38]. The k' value was determined to
be 10−0.4 M−1 s−1 to 101.6 M−1 s−1 from pH 7.5 to 5.5, which was 4–5
orders of magnitude lower than that of the Mn(VII)/S(IV) process.
Generally, the k values for the Cr(VI)/S(IV) process could be calculated
by linear regression of pH-dependent kinetics, while the Mn(VII)/S(IV)
process had a wide range of pH applications than the Cr(VI)/S(IV)
process. Besides, the k value of the Mn(VII)/S(IV) process was obviously
higher than that of the Cr(VI)/S(IV) process, which could be mainly
attributed to a more inert chemical reactivity of Cr(VI) than Mn(VII).
Additionally, it was reported that the second order rate constants of
high-valence manganese intermediates to S(IV) were higher than
chromium intermediates/S(IV) reactions [19,20].

3.2. Identification of radical species in two S(IV)-based processes

3.2.1. Role of radical scavengers
In order to differentiate the roles of various reactive species in both

the S(IV)-based processes, radicals scavenging experiments for MTL
degradation were performed by adding MeOH, TBA, 1-hexanol and PP
with varying concentrations (0–10mM) at pH 5.0. MeOH can quench
SO4%− with the second-order rate constant of 2.0× 106 –2.5×107

M−1 s−1 [39], while it also effectively can quench HO% with the second
rate constant of 7.8× 108 –1.0×109 M−1 s−1 [40]. It’s reported that
the kTBA,HO% ((3.8–7.6)× 108 M−1 s−1) was approximately 3 orders of
magnitude greater than kTBA, SO4%− ((4.0–9.1)× 105 M−1 s−1) [39,40].
Based on the kinetic calculation, the oxidation of HO% toward MTL
should be completely inhibited by 10mM of TBA (e.g., (kHO
%,MTL× [MTL])/(kHO%,TBA× [TBA]) = (3.4×109 M−1

s−1×5×10−6 M)/(6× 108 M−1 s−1×10×10−3 M) < 1%), and
the oxidation of SO4%− toward MTL should be partly inhibited by
10mM of TBA (e.g., (kSO4%−,MTL× [MTL])/(kSO4%−,TBA× [TBA]) =
(1.0×1010 M−1 s−1×5×10−6 M)/(9.1×105 M−1

s−1×10×10−3 M)= 5.49). The degradation of MTL was slight by
the addition of various concentrations of TBA in both S(IV)-based
processes (Fig. 4B). Compared to the inhibition of TBA, MeOH ex-
hibiting a more obvious quenching effect on MTL degradation (Fig. 4A).
This indicated that the main radical that degrades MTL should be
SO4%−, not HO•. Fig. S7 shows the NB concentration keeps unchanged
in the Cr(VI)/S(IV) process [41], indicating that the contribution of HO%

to the degradation of pollutant is negligible. Other radicals (e.g.,
SO5%−, SO3%− and Mn(III)) could also be inhibited in the presence of
these radical scavengers. The oxidizing abilities of SO3%− and SO5%−

were weak, with rate constants toward organic contaminants
being < 1.0×107 M−1 s−1 and 105 –107 M−1 s−1, respectively
[39,42]. In fact, SO3%− was able to further evolve into SO5%− and
SO4%− in the presence of oxygen and the generated SO5%− could oxi-
dize SO32− into SO52− and SO3%− [39,43–45]. The exact contributions
of radicals in the two S(IV)-based processes are still unclear.

To examine the contributions of oxysulfur radicals (e.g., SO4%− and

SO5%−), the 1-hexanol, a strong scavenger, was added in the Mn(VII)/S
(IV) and Cr(VI)/S(IV) processes, because the k of 1-hexanol reaction
with SO4%− (1.6× 108 M−1 s−1) was approximately 5 orders of
magnitude higher than k1-hexanol,SO5%− [46,47]. As displayed in Fig. S8, it
was found that the addition of 1-hexanol significantly inhibited the
degradation of MTL and MTL removal decreased to < 5% in the pre-
sence of 1-hexanol (10mM), indicating that SO5%− is not the major
reactive species in both the Mn(VII)/S(IV) and Cr(VI)/S(IV) processes.

PP is an effective complexing agent of Mn(III) [48]. In the presence
of PP (1mM), the kobs of Cr(VI)/S(IV) process oxidized MTL was de-
termined to be 0.02min−1 (Fig. S9B), which is 3.7-fold lower than that
in the absence of PP. The degradation efficiency of MTL was slightly
suppressed with increasing the dosage of PP. However, Fig. S9A shows
that the degradation of MTL is not inhibited in the presence of PP in Mn
(VII)/S(IV) system. The Mn(III)-PP complex can not oxidize MTL (Fig.
S10) and the contribution of possible phosphate radicals to MTL re-
moval should be insignificant. Therefore, the more efficient removal of
MTL by the Mn(VII)/S(IV) process was attributed to two factors: the Mn
(III) acted as a radicals with high selectivity to MTL removal, and the
reaction rate between Mn(III) and MTL was higher than that of Mn(III)
and PP; the formed Mn(III) in the Mn(VII)/S(IV) process should not be
the only intermediate but SO4%− or other high valent reactive inter-
mediates should be the major reactive species to contribute the abate-
ment of MTL in the presence of PP.

3.2.2. Role of dissolved oxygen
As mentioned, SO4%− is the dominant active species in the two

investigated processes. The effect of DO on the MTL degradation was
investigated. The DO concentration of working solutions ranged from
0.1 to 9.1mg L−1 through purging different fluxes of nitrogen. The
degradation efficiency of MTL was significantly suppressed in deox-
ygenated condition for both the Mn(VII)/S(IV) and Cr(VI)/S(IV) pro-
cesses (Fig. 5). At a small quantity of residual DO, the rapid oxidation of
formed SO3%− by DO to SO5%− could be suppressed, and the genera-
tion of radical species (e.g., SO4%−, HO% and Mn(III)) could be inhibited
subsequently [24,49]. The removal of MTL increased from 2.0% to
87.2% in the Mn(VII)/S(IV) process and from 2.0% to 72.6% in the Cr
(VI)/S(IV) process by elevating DO concentration from 0.1 to 2.0mg
L−1. Interestingly, it was found that the DMPO−SO3− produced by
the Cr(VI)/S(IV) process in the ESR experiment was∼ 4×106 a.u.
lower than that of the Mn(VII)/S(IV) process [24]. It is known that
SO3%− can be generated by oxidation of HSO3− or SO32− during the
process of SR-AOPs, which can further transformed to SO5%−, SO4%−

and HO% [1,50,51]. Compared with the Cr(VI)/S(IV) process, the
manganese intermediates (e.g., Mn(III) and Mn(V)) were likely in-
volved in the Mn(VII)/S(IV) system responsible for the rapid degrada-
tion of MTL [10,30]. Moreover, Mn(II) and Mn(III) complex could be as
a catalyst in the oxidation of micro-pollutants by Mn(VII) in aqueous
solution [52,53]. Although the relative contribution of SO4%− versus
Mn(V/III) or Cr(V) species in the oxidation of the targeted organic
contaminants has been reported [19,20], the mechanisms are not fully
clear, which warrant further investigations.

3.3. Effect of water matrices

3.3.1. Effect of initial pH
pH plays a crucial role that governs the oxidizing reactivity and

affecting the species of S(IV) and Cr(VI) (Fig. S11) [54]. Fig. 6 shows
the effect of pHs (5–9) on MTL (5 μM) degradation kinetics in the two S
(IV)-based processes. It was found that the degradation of MTL by the
Mn(VII)/S(IV) process kept stable when pH increased from 5 to 7,
whereas alkaline circumstance inhibited the degradation of MTL as pH
further increased from 7 to 9. At pHini 5.0–7.0, bisulfite was mainly
present as SO2·H2O and HSO3− [11], which have a higher reactivity
with MnO4− than that of SO32−. Besides, Mn(VII) usually has a higher
oxidation potential under acidic conditions than alkaline
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circumstances. pH showed a more obvious impact on the transforma-
tion of MTL in the Cr(VI)/S(IV) process, the abatement of MTL de-
creased from 91.0% to 14.6% as pH increased from 5 to 7. The domi-
nant Cr(VI) species at pH < 6.0 is HCrO4− with higher oxidant than
another main Cr(VI) species (CrO42−) [55]. In addition, the dominant S
(IV) species under the aforementioned conditions may be more easily
undergoes oxidation by HCrO4− than CrO42−. A large pH drop was
observed (except in the Mn(VII)/S(IV) process at pHini 9.0) during the
two S(IV)-based processes (Fig. S12), which may be attributed to the
H+ generation under the uncatalyzed oxidation of S(IV) by O2 [56].
Thus, higher degradations of MTL in both systems occurred under acid
circumstances.

3.3.2. Effect of NOM and anions
Fig. 7 and Fig. S13 show the effect of water matrices, including HA,

Cl−, NO3− and HCO3− on MTL degradation in the two S(IV)-based
processes. It was found that the degradation rate of MTL slowed down
with increasing water matrices concentration in the two processes. The
water matrices suppressed MTL degradation in the following order:
NO3−<HA < HCO3−<Cl− in the Mn(VII)/S(IV) process, which is
not consistent with the Cr(VI)/S(IV) process
(NO3−<HA < Cl−<HCO3−). The effect of HA was a scavenger for
HO% and SO4%− with the reaction rates of 6.8× 103 –4.5×104 (L mg
C−1 s−1) [57]. Fig. 7 A and B shows that the inhibition effect of HA was
lower in the Mn(VII)/S(IV) process than that in the Cr(VI)/S(IV) pro-
cess.

In addition, the presence of Cl− inhibited the degradation of MTL

0.0

0.2

0.4

0.6

0.8

1.0

C
t/C

0

MeOH (mM)

 Mn(VII)/S(IV)
 Cr(VI)/S(IV)

0                        2                         5                       10          

(A) (B)

 0                         2                        5                       10         
TBA (mM)

 Mn(VII)/S(IV)
 Cr(VI)/S(IV)

Fig. 4. Effects of MeOH and TBA on the degradation of MTL by the Mn(VII)/S(IV) and Cr(VI)/S(IV) processes. Experimental conditions: [Mn(VII)]0= 50 μM, [Cr
(VI)]0= 83.3 μM, [S(IV)]0= 250 μM, [MTL]0=5.0 μM, pH=5.0, Time= 30min, solutions exposed to air, T= 25 °C.

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25 30

0.0

0.2

0.4

0.6

0.8

1.0

[DO] (mg L-1)
 0.1
 0.5
 1.0
 2.0
 9.1

(A) Mn(VII)/S(IV)

(B) Cr(VI)/S(IV)

C
t/C

0

Time (min)
Fig. 5. Effect of dissolved oxygen on the degradation of MTL by the Mn(VII)/S
(IV). and Cr(VI)/S(IV) processes. Experimental conditions: [Mn(VII)]0 = 50
μM, [Cr(VI)]0 = 83.3 μM, [S(IV)]0 = 250 μM, [MTL]0 = 5.0 μM, pH = 5.0,
solutions exposed to air, T = 25 °C.

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25 30

0.0

0.2

0.4

0.6

0.8

1.0

(A)  Mn(VII)/S(IV)
 pH = 5.0
 pH = 7.0
 pH = 9.0

C
t/C

0

Time (min)

(B)  Cr(VI)/S(IV)

Fig. 6. Effect of initial pH on the degradation of MTL by the Mn(VII)/S(IV) and
Cr(VI)/S(IV) processes. Experimental conditions: [Mn(VII)]0= 50 μM, [Cr
(VI)]0= 83.3 μM, [S(IV)]0= 250 μM, [MTL]0= 5.0 μM, solutions exposed to
air, T=25 °C.

S. Duan, et al. Chemical Engineering Journal 394 (2020) 124814

6



obviously in the Mn(VII)/S(IV) process compared with other water
matrices. For instance, the abatement of MTL decreased from 99.2% to
33.8% as the Cl− concentration increased from 0 to 10mM. This could
be attributed to the oxidation of Cl− is scavenged by SO4%− to form less
reactive halogen radicals (Cl%, Cl2%− and ClOH%−) [58]. Although the
abatement of MTL was affected significantly in the Mn(VII)/S(IV)
system in the presence of Cl−, the Mn(VII)/S(IV) system outperformed
the Cr(VI)/S(IV) system in this study.

A slight inhibition of MTL degradation was observed in the presence
of NO3− compared to HCO3− in the two S(IV)-based processes. The
inhibitory effect is different between NO3− and HCO3− was widely
reported because of the greater reactivity of HCO3− with SO4%−

(9.1×106 M−1 s−1) than NO3− (5× 104 M−1 s−1) [59,60]. Besides,
the product radicals (e.g., CO3%− and NO3%−) were moderate oxidants
and had low reactivity with many contaminant than SO4%−, HO% and
Cl%. As shown in Fig. S13, the reaction rates of Cr(VI)/S(IV) system were
significantly decreased in the presence of HCO3−, indicating that
HCO3− scavenged radicals more efficiently than other water interferes
(e.g., HA, Cl− and NO3−).

3.4. Proposed oxidation products and transformation pathways

The degradation of MTL by the Mn(VII)/S(IV) and Cr(VI)/S(IV)
processes were proposed that the formed oxidation species (e.g.,
SO4%−, Mn(III) and HO%) reacted with MTL via electrophilic substitu-
tion, addition or elimination. Nevertheless, little work has been con-
ducted to compare the transformation products (TPs) of MTL by dif-
ferent S(IV)-based processes. To assess the different reactivity of
SO4%−, Mn(III) and HO% on the TPs formation, the removal of DOC in
both the Mn(VII)/S(IV) and Cr(VI)/S(IV) processes were investigated
firstly. Fig. S14 shows that the removal of DOC in the Cr(VI)/S(IV)
process was < 5%, while the removal of DOC in the Mn(VII)/S(IV)
process reached∼25.0% after 60min. As expected, the SO4%− would
attack the model compound (i.e., decarboxylation and dealkylation)
[61,62], which produced carboxylic acids, alcohol products, etc. This
suggested that the Mn(VII)/S(IV) process may involve the formation of
more intermediate oxidants than the Cr(VI)/S(IV) process (e.g., Mn(III)
and HO%). Thus, the TPs of MTL by both the S(IV)-based processes

needed an investigation using UPLC-QToF-MS/MS analysis.
The specific retention time and m/z values in Table S2 were ob-

tained from the UPLC-QToF-MS/MS chromatograms (Fig. S15). And the
empirical chemical formulas were proposed based on the m/z values.
Besides, the proposed chemical structures of eighteen main types of
MTL degradation products in the two S(IV)-based processes and ma-
ternal structure are also summarized in the Table S2. As shown in
Fig. 8A, the degradation pathways of MTL in the Mn(VII)/S(IV) process
are different with that of the Cr(VI)/S(IV) process. More than ten types
were detected in the two S(IV)-based processes, while only three TPs
(TP-307, TP-285 and TP-233) were the same. For the Mn(VII)/S(IV)
process, TP-233 and TP-345 were observed, which are produced by
dealkylation and hydroxylation, respectively. This was attributed to a
high tendency for electron transfer reactions when dealkylation me-
chanism occurred and the alcohol products would be formed under the
SO4%− and HO% attacks [62,63]. Moreover, the ion at m/z 115 was only
observed in the Mn(VII)/S(IV) process which is attributed to the se-
paration of the benzene ring and the branch. The nitrogen group of MTL
may be converted into NO3− and/or NH4+ [64]. However, TP-295 was
the major intermediate product in the Cr(VI)/S(IV) process (Fig. 8B),
involving the substitution of HO% followed by the sulfate radical attack
the methyl group at the end of the carbon branch in aqueous solution.

Previous studies have compared the rate constants among different
radicals, found that the formation of reactive Mn(III) species faster than
SO4%− and HO% for contaminants degradation in the Mn(VII)/S(IV)
process [10]. This could be considered as major factors compared with
the transformation pathway of MTL in the two systems. Firstly, the Mn
(III) could cleave the C−N bond of atrazine to eliminate an alkylamine
group [36], which is observed in this study with the formation of TP-
211 from cleavage of the C−N bond by oxidation. Especially, the
major hydroxylated product is TP-345 in the Mn(VII)/S(IV) process,
whereas it was not observed in the Cr(VI)/S(IV) process. Note that the
HO% probably attacked the para-position of aniline and abstracted a
hydrogen atom to form the corresponding saturated alcohol products
[65,66]. Further, the formations of aldehyde products (e.g., TP-307, TP-
291 and TP-237), carboxylic acid products and carboxylic acid species
(e.g., TP-225 and TP-285) via SO4%−/HO% oxidation. Similar molecular
ion of TP-233 (based on HO%) was also found in the

Fig. 7. Effects of HA and chloride (Cl−) on the de-
gradation of MTL by the Mn(VII)/S(IV) and Cr(VI)/S
(IV) processes. (A), (C) Mn(VII)/S(IV); (B), (D) Cr
(VI)/S(IV). Experimental conditions: [Mn
(VII)]0= 50 μM, [Cr(VI)]0= 83.3 μM, [S
(IV)]0= 250 μM, [MTL]0= 5 μM, pH=5.0,
[HA]0=0–10mg/L, [Cl−]0= 0–10mM, solutions
exposed to air, T=25 °C.
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photomineralization of MTL [67]. However, the properties of Mn(V)
and Cr(V) species toward target compounds remain unknown, which
warrant a further investigation.

4. Conclusions

The comparison of the different S(IV) auto-oxidation showed that
the k values for both S(VI)-based processes could be calculated by linear
regression of S(IV)-dependent kinetics, while the Mn(VII)/S(IV) process
was 4–5 orders of magnitude higher than the Cr(VI)/S(IV) process.
When the same molar dose of S(IV) was applied, the Mn(VII)/S(IV)
process degrades MTL more efficiently than the Cr(VI)/S(IV) process
due to the ultrafast reactivity and the generation of manganese inter-
mediates (e.g., Mn(III) and Mn(V)), HO% and higher yield of SO4%−. The
influencing factors and products exhibited that the Mn(VII)/S(IV)
system has obvious advantages in the application of activating S(IV) to
remove micro-pollutants. However, both the S(IV) activation processes
were highly dependent on DO concentration meaning providing enough
DO is necessary in practical applications.
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