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A B S T R A C T   

Combining permanganate (Mn(VII)) with bisulfite (S(IV)) is an emerging advanced oxidation process, while the 
principal oxidant for ultrafast abatement of trace organic contaminant (TrOC) in the Mn(VII)/S(IV) (MS) process 
has long been under disputation. In this work, Mn(III) yield, kinetics, stoichiometry, and TrOC abatement by the 
MS and Mn(VII)/Mn(II) (MM) processes were investigated. The results showed that the yields of Mn(III) were 
close to the theoretical value of 90% in both processes, and the molar ratio of -Δ[Mn(VII)]/Δ[Mn(III)] was 
respectively determined to be 1:1 and 1:5 in the MS process and MM process. Although the second-order rate 
constant of the Mn(III) generation in the MS process (3.0 × 105 M− 1 s− 1) was about 43 times that of the MM 
process (7.0 × 103 M− 1 s− 1), the abatement rate of TrOC in the MS process was 4–5 orders of magnitude higher 
than that of the MM process. Interestingly, the abatement of bisphenol A was completely inhibited in the absence 
of dissolved oxygen in both processes, whereas the high yield of Mn(III) still occurred at deoxygenated solutions 
in the MM process. This indicated that the contribution of Mn(III) to TrOC abatement was limited in both 
processes. Moreover, it was found that the rate-determining step of TrOC abatement in the MS process was the 
reduction of Mn(III) by S(IV) by comparing the MS process with the Mn(III)/S(IV) process.   

1. Introduction 

Permanganate (Mn(VII)) is attractive mainly due to its many ad-
vantages, such as environmental friendliness, relatively inexpensive and 
easy to be used [1]. Recently, plenty of work has been carried out to 
elevate removal efficiency of trace organic contaminant (TrOC) by 
activating Mn(VII) in various ways (e.g., ligand, ultraviolet light, bio-
char, and electrolysis) [1–4], whereas none of them can abate TrOC at an 
extremely short time (i.e., millisecond) like the bisulfate (S(IV)) acti-
vating Mn(VII) (Mn(VII)/S(IV), MS) process [5,6]. As is well known, the 
second-order rate constant of TrOC abatement in the MS process is 
105–106 times that of Mn(VII) alone and other advanced oxidation 
processes [6]. Although the mechanism involved in this process was 
proposed in few years, certain controversies remain. First, dissolved Mn 
(III) intermediate was considered to be the principal oxidant for TrOC 
abatement in the MS process and the second-order rate constants of 
aniline and bisphenol A (BPA) degradation by Mn(III) were determined 

to be 105–106 M− 1 s− 1 through competition kinetics and spectral ex-
periments [5,6]. Subsequently, the other reactive manganese in-
termediates (e.g., Mn(V) and Mn(VI)) were also proposed as the 
dominant oxidants for TrOC abatement in the MS process [7–9]. It is 
worth mentioning that the sulfate radical (SO4

•− ) and hydroxyl radical 
(HO•) have been widely determined in the MS process [8–11]. There-
fore, the contribution of Mn(III) to TrOC abatement might be overvalued 
at the beginning development of the MS process, which should be re- 
examined. 

The intermediate oxidation state, soluble Mn(III), is thermodynam-
ically unstable due to Jahn-Teller distortion of the tetragonal electron 
configuration [12]. There have been numerous attempts to generate Mn 
(III) in aqueous solutions, such as oxidation of Mn(II) [13–15], reduction 
of high-valence manganese species (e.g., MnO2 and Mn(VII)) [6,16,17], 
and comproportionation of Mn(II) with MnO2 or Mn(VII) [2,18,19]. 
However, the ultrafast and efficient abatement of TrOC was not 
observed in these Mn(III)-involved systems except the MS system. By 
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comparing the redox potentials of certain metal oxidants, it is found that 
the standard oxidation potential (E0) of Mn(III)/Mn(II) redox pairs 
(1.51 V) is equal to that of Mn(VII) under acidic conditions [20,21], and 
they are below E0 (Co3+/Co2+) (1.81 V) and E0 (FeO4

− /Fe3+) (2.20 V) 
[22,23]. The above mentioned oxidants have not been found to have 
super oxidation capacity for TrOC, even at a high molar ratio of 
[oxidant]0/[TrOC]0 (e.g., 10:1). Hence, it is necessary to examine the 
reactivity of Mn(III) toward TrOC. 

Herein, this study investigated the reactivity of Mn(III) in the MS 
process by comparing it with the Mn(VII)/Mn(II) (MM) process. The Mn 
(III) yield, kinetics, stoichiometry, and TrOC abatement were specif-
ically discussed. Finally, the contribution of Mn(III) to TrOC abatement 
in the MS process was determined, and the mystery of the ultra-fast 
abatement rate of TrOC in this process was revealed. 

2. Materials and methods 

2.1. Chemicals 

KMnO4 (Mn(VII)), MnSO4 (Mn(II)), NaHSO3 (S(IV)), sodium pyro-
phosphate (PP) and ascorbic acid are of analytical grade, provided by 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Diclofenac 
sodium (DCF), 4-chloro phenol (4-CP), bisphenol A (BPA), phenol (PN), 
benzoic acid (BA) and methylene blue (MB) were purchased from Sigma- 
Aldrich. All stock solutions were prepared in ultrapure water (18.2 
MΩ⋅cm) at 10 mM except 4-CP (5 mM), BPA (0.5 mM), ascorbic acid (25 
mM) and S(IV) (25 mM). The stock solution of Mn(III)-PP at pH 5.0 was 
synthesized according to the reported literature [2]. The S(IV) stock 
solution was freshly prepared. 

2.2. Experimental procedures 

Batch experiments of the oxidation of the representative compounds 
(e.g., 4-CP, DCF, BPA, PN and BA) were conducted as follows: 5 μM of 
the selected compound was first mixed with an aqueous solution and 
then the predetermined concentrations of Mn(II) and Mn(VII) were 
added into the reaction solution (to reach a final volume of 50 mL). Mn 
(VII) was added after the Mn(II). NaOH (0.1 M) and H2SO4 (0.1 M) so-
lutions were used to adjust the solution pH in advance. Samples (1 mL 
each) were withdrawn at preselected time intervals and immediately 
quenched with ascorbic acid (25 μL, 10 mM). In the MS system, the 
operations are the same as described above except for the replacement of 
Mn(II) by S(IV). All samples were analyzed as soon as possible. 

The kinetics of Mn(VII) consumption and Mn(III) variation were 
determined in a stopped-flow spectrophotometry (SFS, Applied Photo-
physics, Model SX20, UK). The separate two-phase system was used to 
place prepared oxidant (i.e., Mn(VII) solution) and reducing agents (i.e., 
Mn(II) or S(IV) solution) separately. The solutions mentioned above 
were all performed in pH-adjusted PP solution. The concentrations of 4- 
CP and MB in the MS and Mn(III)-PP/S(IV) processes were also 
continuously detected by the SFS at 225 and 664 nm, respectively. All 
experiments were performed in triplicates. The average and standard 
deviation were presented. 

2.3. Analytical methods 

A UV− vis (Hach, DR 6000) was used to determine the absorbances of 
the predetermined solutions (e.g., Mn(VII) alone, Mn(VII) mixed with 
Mn(II) or S(IV)) by full wave scanning mode (200–800 nm). The con-
centrations of Mn(III)-PP complex and Mn(VII) were directly detected at 
258 and 525 nm, respectively. All the samples of 4-CP, DCF, BPA, PN 
and BA were firstly separated and purified by reversed-phase column 
(Atlantis C18 column (4.6 × 250 mm, 5.0 μm)) of the high-performance 
liquid chromatography (Agilent 1200 Series HPLC), and their identifi-
cation and quantification were confirmed by a diode array detector 
(DAD) detector. The other HPLC detection details of the samples were 

shown in Table S1. A dissolved oxygen (DO) meter (Cellox 325, WTW) 
was used to monitor the DO concentration in the reaction solution. 

3. Results and discussion 

3.1. Comparison of Mn(III) yield in MS and MM processes 

To better elucidate that the suitability of the MM process as a 
reference group for the MS process, the generation of Mn(III) in both 
processes was identified and quantified in the presence of PP. As shown 
in Figs. 1 and S1, the characteristic peak of Mn(III)-PP at 258 nm was 
determined in both the Mn(VII)-based processes when the molar ratio of 
[PP]0 to [Mn(VII)]0 was not less than 10:1. Besides, the concentration of 
Mn(III)-PP generation within 15 min in both processes would be 
increased with the PP concentration elevated from 0 to 10 mM. Inter-
estingly, the yield of Mn(III)-PP in the MM process was comparable to 
that of the MS process at various PP concentrations ([PP]0:[Mn(VII)]0 ≥

10:1). For instance, the yield of Mn(III)-PP was 93.4% and 94.6% in the 
MM process and MS process, respectively (Fig. 1a and b). Although the 
difference of Mn(III)-PP yield between the MM and MS processes was 
either relatively minor or negligible in the presence of excess PP, it 
might be getting more pronounced with increasing the concentrations of 
[Mn(II)]0 and [Mn(VII)]0. It is worth noting that the average yield of Mn 
(III)-PP is about 87.3% at different initial Mn(VII) and Mn(II) concen-
trations in the MM process (Fig. 1c), which is also close to the reported 
Mn(III)-PP yield in the MS process [6,24,25]. 

3.2. Kinetics of Mn(III) generation in MS and MM processes 

Previous studies have found rapid accumulation and reduction of Mn 
(III) at different pHs in the absence of PP in the MS system [5,6], 
whereas little attention has been paid to the kinetics of Mn(III) gener-
ation in the presence of PP. Fig. 1c shows that the concentration of Mn 
(III)-PP did not change significantly after 10 s at all doses of Mn(VII) and 
Mn(II) during the course of the reaction, indicating that Mn(III) 
appeared earlier than 10 s. Although the kinetics of the Mn(III)-PP 
generation was not obtained, it was found that there was a good 
linear relationship between the [Mn(VII)]0 and Δ[Mn(III)-PP] when the 
reaction was complete (15 min) (Fig. 1d). 

SFS has been widely used in the identification of intermediates and 
the determination of TrOC abatement rates in Mn(VII) or Fe(VI) based 
enhancement processes [5,26]. The kinetics of Mn(III) generation in the 
MS and MM processes was performed in the presence of PP at pH 5.0 by 
using a UV− vis spectrometer at 258 nm (i.e., maximum absorption 
wavelength of Mn(III)-PP). Fig. 2a typically shows the generation of Mn 
(III)-PP at the molar ratio of [Mn(VII)]0/[Mn(II)]0 from 1:2 to 1:20 as a 
function of time. With the increase of the molar ratio of [Mn(VII)]0/[Mn 
(II)]0, the kinetics of Mn(III)-PP generation increased in the MM process. 
Notably the generation of Mn(III)-PP may be related to both Mn(VII) 
reduction and MnO2 reduction in the MM process. It is reported that the 
kinetics of MnO2 reduction by Mn(II) increases with increasing the PP 
concentration [19]. Hence, the kinetics of Mn(III)-PP generation in the 
MM process would be increased with increasing the PP concentration. 

However, the trend of Mn(III)-PP absorbance in the MS process is 
drastically different from the MM process. It can be seen from Fig. S2 
that the concentration of Mn(III)-PP accumulated rapidly in the initia-
tion stage and then decreased with time (except at [Mn(VII)]0/[S(IV)]0 
= 1:2), which was mainly attributed to excess S(IV) in the other molar 
ratios of [Mn(VII)]0/[S(IV)]0 [5]. The accumulation of Mn(III)-PP in-
dicates that the reaction rate of Mn(III) with excess PP (i.e., 2 mM) is 
more rapidly than that of Mn(III) oxidizing S(IV) and Mn(III) dispro-
portionation in the MS process. And the decay of Mn(III)-PP can be 
ascribed to the reaction of Mn(III)-PP with excess S(IV) in the MS process 
([Mn(VII)]0/[S(IV)]0 > 1:2). Hence, there was a gradual decrease in the 
maximum value of Mn(III)-PP with increasing the molar ratio of [Mn 
(VII)]0/[S(IV)]0 from 1:2 to 1:20. It is demonstrated that reaction rate of 
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Mn(III)-PP and S(IV) will be increased with decreasing of PP concen-
tration (Fig. S3). Thus, the kinetics of Mn(III)-PP generation in the MS 
process may be also increased with increasing the PP concentration. 
Moreover, there was no significant change in the yield of Mn(III)-PP by 
changing the order of dosing (Fig. S4). No matter what, the kinetics of 

Mn(III) generation was higher than that of the Mn(III)-PP generation due 
to the inevitable disproportionation of Mn(III) [27]. 

The direct calculation of Mn(VII) consumption kinetics is a feasible 
method because Mn(VII) is stable and does not regenerate during the 
reaction. Overall, the concentration of Mn(VII) followed exponential 
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decay rate law, demonstrating that the first-order reaction kinetics of 
both the Mn(VII)-based processes (Figs. 2b and S5). The observed 
pseudo-first-order rate constant (k′, s− 1) of the MM process was obtained 
by fitting the date points (Fig. 2c), and the k′ values of the MS process 
were shown in Table S2. Evidently, a good linear relationship between k′

values and Mn(II) concentrations (100–2000 μM) was found, indicating 
that has a first-order dependence on Mn(II) concentration (Fig. 2d). 
Hence, the second-order rate constant (k′ ′, M− 1 s− 1) of the association 
reaction can be described by the slope of the fitted straight line (1.4 ×
103 M− 1 s− 1). The concentration of S(IV) has same effect on the Mn(VII) 
dynamics as Mn(II), but the k′ ′ of the MS process (3.0 × 105 M− 1 s− 1) was 
about 214 times that of the MM process (Fig. S6). Obviously, Mn(III) 
accumulation in the MM process involved both Mn(VII) reduction and 
Mn(II) oxidation, whereas it in the MS process only involved Mn(VII) 
reduction. Thus, it is necessary to investigate the reaction stoichiometry 
of Mn(III) in the MM and MS processes. 

3.3. Reaction stoichiometry 

Mn(II) contributes to the reduction of Mn(VII) to Mn(III) complex in 
the presence of a ligand (L), and the reaction follows the theoretical 
equation as shown in eq. (1) [2]. Due to the complete consumption of 
Mn(VII), the concentration of Mn(III)-PP generation in the MM process 
did not increase obviously when the molar ratio of [Mn(II)]0/[Mn(VII)]0 
exceeded 4:1 (Fig. S7). This demonstrates that the optimum molar ratio 
of Mn(II) to Mn(VII) is 4:1 during the MM process, which is consistent 
with the previously reported [2]. Besides, the consumption of Mn(VII) 
had a good linear relationship with the generation of Mn(III)-PP, 
whereas the molar ratio of Δ[Mn(III)-PP]/-Δ[Mn(VII)] (5.5:1) was 
higher than the theoretical ratio (5:1) (Fig. S7). This is due to the MnO2, 
which is easily formed under excessive Mn(VII), will interfere with the 
detection of Mn(VII) (525 nm-method) [28]. Further increasing the 
molar ratio of Mn(II) to Mn(VII) could accelerate the consumption of Mn 
(VII) and inhibit the formation of MnO2 (Fig. S8). The results indicated 
that Mn(III) accumulation was 5 times Mn(VII) consumption in the MM 
process. Unlike the centering reaction that occurred in the MM process, 

the Mn(III) formation was equal to the Mn(VII) consumption in the MS 
process (eq. (2)) [11]. Based on the above discussion, an obvious 
conclusion could be obtained that the accumulation rate of Mn(III) in the 
MS process was about 43 times that of the MM process. 

MnO−
4 + 4 Mn2+ + 8 H+ → 5 Mn3+ + 4 H2O (1)  

MnO−
4 + 5 HSO−

3 + 1.5 O2 → Mn3+ + 5 SO2−
4 + H+ + 2 H2O (2)  

3.4. Comparison of TrOC abatement in MS and MM processes 

As shown in Fig. 3, the abatement of 4-CP, DCF, PN, and BA by Mn 
(VII) alone, Mn(VII) combined with Mn(II) or S(IV) process was exam-
ined separately. The TrOC was hardly degraded by Mn(VII) alone after 
15 min, indicating that the oxidation capacity of Mn(VII) was limited. It 
was found that the rate of TrOC abatement in the Mn(VII) alone process 
was related to the structure of the TrOC, which was consistent with 
previous reports [29,30]. According to the time profiles of TrOC 
abatement, it was also observed that the addition of Mn(II) or S(IV) had 
a significant effect on the abatement of TrOC. However, the salient 
feature in Fig. 3 is that Mn(II) exhibits the opposite effects on these 
representative compounds in the Mn(VII) oxidation process (i.e., Mn(II) 
accelerates the abatement of 4-CP and DCF, but inhibits the abatement 
of PN and BA). This difference can be attributed to the selectivity of 
oxidants toward TrOC during the MM process. The potential oxidants in 
this system may include Mn(VII) itself, various Mn intermediates (e.g., 
Mn(III), Mn(IV), Mn(V) and Mn(VI)), and reactive oxygen species (e.g., 
O2

•− and 1O2). Inhibition of the abatement rate of PN and BA may 
indicate that Mn(II) competed with TrOC for oxidants. 

It was reported that the k′ ′ of TrOC abatement by dissolved Mn(III) 
was in the range of 105 –106 M− 1 s− 1, which was 3–5 orders of magni-
tude higher than that by Mn(VII) [5]. For instance, the value of k′ for PN 
abatement by dissolved Mn(III) was 62.4 ± 0.8 s− 1 at pH 5.0 in the MS 
process, and complete disappearance of PN could be observed in 60–80 
ms [6]. Whatever the exact mechanisms of the MM process, it is essential 
to note that, as expected, the accumulation rate and concentration of Mn 
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(III) would induce high abatement efficiency of TrOC. However, only the 
MS process had significant TrOC abatement compared to the Mn(VII) 
alone and MM processes. The abatement ratio of 4-CP, DCF, PN and BA 
accounted for 72.8%, 99.1%, 96.7%, and 40.3% after 15 s in the MS 
process, respectively (Fig. 3). Also, the different abatement ratios of 
TrOCs in this process depended on their structures [24,31]. 

Furthermore, it can also be hypothesized that the k′ of TrOC abate-
ment in the MM process is 43 times lower than that in the MS process. To 
verify this hypothesis, the k′ of TrOC abatement by different processes 
was investigated and compared. The k′ of PN abatement by Mn(VII) 
oxidation was only 2.0 × 10− 4 s− 1 (Fig. 3c), which was closed to pre-
vious report [6]. It is noted that the k′ of PN abatement in the MS process 
was at least 5 orders of magnitude that of the MM process. Even the 
cumulative Mn(III) would help to improve abatement rate of TrOC (e.g., 
4-CP and DCF) in the MM process, the k′ of 4-CP abatement in the MS 
process was 3.4 × 104 times that of the MM process (Fig. S9). Yet it was a 
contradiction for the above hypothesis that the difference in the k′ ′ of 
TrOC abatement between the two processes was only 43 times. 

Additionally, it was found that the abatement of BPA was negligible 
(less than 5%) at deoxygenated solutions in both the Mn(VII)-based 
processes (Fig. S10), while the yield of Mn(III)-PP was not affected by 
DO concentration in the MM process instead of the MS process (Fig. S11) 
[11]. Hence, the Mn(III) had limited oxidative capacity in the MM 
process and the DO could lead to the formation of reactive oxygen 
species. Therefore, principal oxidant for TrOC abatement can not be 
dissolved Mn(III) but other reactive intermediates (e.g., SO4

•− , HO• and 
Mn(V)) in the MS process [8,9,11]. 

3.5. Mechanism insights into the role of Mn(III) 

To investigate the contribution of Mn(III) in different systems, the 
abatement of representative TrOCs (i.e., 4-CP, DCF, PN, and BA) was 
performed in Mn(III)-PP alone, Mn(III)-PP/S(IV) and MS processes at pH 
5.0 with 10 mM PP buffer. In the absence of S(IV), Mn(III)-PP had a low 

oxidation capacity for these TrOCs. However, the Mn(III)-PP/S(IV) 
process had high reactivity with TrOCs, with a comparable reaction 
rate constant as high as MS process (Fig. 4). It is worth noting that the k′ ′

of Mn(III)-PP/S(IV) process (2.1 × 104 M− 1 s− 1) is comparable to that of 
Mn(VII)/S(IV) process (3.0 × 105 M− 1 s− 1) (Figs. 5c and S6S6), and they 
are consistent with previous studies [5,32]. Moreover, it is found that k′
of MB abatement is almost equal in both processes (Fig. S12). Therefore, 
it can be inferred that the rate-determining step of TrOC abatement in 
the MS process is the reduction of Mn(III) by S(IV). 

On the one hand, the Mn(III) is reduced to Mn(II) by S(IV), and the 
generated Mn(II) will be quickly oxidized to Mn(III) by oxysulfur radi-
cals (e.g., SO4

•− , SO5
•− and HSO5

− ). On the other hand, the trans-
formation of S(IV) by Mn(III) or Mn(VII) induces the generation of 
SO3

•− , which will further transform to SO5
•− /HSO5

− and SO4
•− in the 

presence of DO [11,33]. Among these Mn and S species, only SO4
•− can 

be considered as candidate oxidant in the Mn(III)-PP/S(IV) process. 
However, the other Mn species (i.e., Mn(VI) and Mn(V)) in MS process 
may have similar properties to Mn(III) for rapidly reacting with S(IV) 
[9], and their contributions to the degradation of TrOC in MS process are 
difficult to obtain directly. Assuming the concentration of SO4

•− in Mn 
(III)-PP/S(IV) and MS processes is approximately equal, the contribu-
tions of the Mn(VI) and Mn(V) can be calculated by subtracting that of 
SO4

•− . Research on identification of the concentration of SO4
•− by the 

laser flash photolysis system may be conducted to verify this hypothesis 
in the future. 

4. Conclusions 

In this study, the contribution of Mn(III) species to TrOC abatement 
in the MS process was re-investigated. Interestingly, the rapid genera-
tion of high yield of Mn(III) could be also observed in the MM process. 
The reaction kinetics of Mn(VII) consumption depended on the con-
centrations of S(IV) or Mn(II). Generally, the k′ ′ of the Mn(III) generation 
in the MS process was about 43 times that of the MM process, but the k′
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of PN in the MS process was about 4–5 orders of magnitude higher than 
that of the MM process. Besides, the abatement efficiency of BPA was 
independent of Mn(III) yield in the MM process. The results indicated 
that the dissolved Mn(III) involved in the MS process could not be the 
principal oxidant for TrOC abatement. Especially, the mystery of the 
ultra-fast abatement rate of TrOC in the MS process was revealed, which 
might be due to the rapid reaction of S(IV) with Mn(III) intermediate. 
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