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A great concern has been raised regarding the issue of fluoroquinolones (FQs) in the environment. In this
work, the transformation of FQs by commonly used oxidant permanganate (Mn(VII)) in the absence and
presence of humic acid (HA), ubiquitously existing in aquatic environments, was systematically investi-
gated. Here, the catalytic role of in-situ formed MnO, on Mn(VII) oxidation of FQs depending on solution
pH and co-existing substrates was firstly reported. It was interestingly found that HA could appreciably
accelerate FQs degradation by Mn(VII) at environmentally relevant pH. HA as a reductant in accelerating
FQs by Mn(VII) oxidation was distinctly elucidated for the first time, where MnO, in situ formed from the
reduction of Mn(VII) by HA served as a catalyst. Similar products were observed in the presence versus
absence of HA. Considering that the accelerating role of HA was related to its reducing ability, an acti-
vation method based on Mn(VII) and reductant (i.e., Fe(Il), Mn(Il) and (bi)sulfite) was proposed, which

exhibited considerable potential for application in the treatment of FQs contaminated water.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fluoroquinolones (FQs) are a class of synthetic antibacterial
agents widely used in human and veterinary medicines. As a re-
sult of large usage, the ubiquitous presence of FQs in municipal
wastewater effluents and affected surface waters is reported in
numerous studies [1-3]. A great concern has been raised regard-
ing the issue of FQs in the environment, since the uncertainty of
constant long-term exposure to low concentrations of such com-
pounds poses potential risk mainly to humans and aquatic fauna
[4-7]. Thus, many efforts have been made to remove these pollu-
tants in waters to avoid their possible adverse effects on aquatic
ecology, animals, and human beings.

Permanganate (Mn(VII)) has been widely used for water treat-
ment to remove taste and odor, control dissolved Mn(Il) and
biological growth. Mn(VII) technique shows attractive character-
istics due to its relatively low cost, comparative stability, and
ease of handing. In addition, numerous studies have demonstrated

* Corresponding author at: Key Laboratory for City Cluster Environmental Safety
and Green Development of the Ministry of Education, Institute of Environmen-
tal and Ecological Engineering, Guangdong University of Technology, Guangzhou
510006, China.

E-mail address: jiangjin@gdut.edu.cn (J. Jiang).

https://doi.org/10.1016/j.cclet.2021.06.036

that Mn(VII) as a selective oxidant is fairly effective in treating
emerging organic micropollutants [8-12]. For instance, in our re-
cent work, Mn(VII) was found to readily oxidize phenols and pri-
mary anilines [13]. Interestingly, manganese dioxide (MnO,) in-situ
formed from Mn(VII) reduction could act as a catalyst accelerat-
ing Mn(VII) oxidation of phenolic and aniline contaminants espe-
cially at slight acid pH [8,13-15]. In the study of Hu et al. [16],
the authors investigated the potential applicability of Mn(VII) for
ciprofloxacin (CF) elimination. The authors reported that Mn(VII)
mainly attacked CF at tertiary amine group. However, the role of
MnO, in CF as well as other FQs degradation by Mn(VII) has never
been characterized so far.

Dissolved organic matters (DOM) ubiquitously exists in aquatic
environments and can participate in various physical, chemical,
and biochemical processes [17-20]. It was reported that humic acid
(HA), as a major constituent of DOM could affect Mn(VII) oxida-
tion in markedly different ways . For instance, Jiang et al. [8] found
that HA could significantly accelerate the oxidation of triclosan un-
der slight acid condition, where MnO, generated via the reduction
of Mn(VII) by HA acted as a catalyst and thus facilitated the reac-
tions. Similar promoting role of HA in the degradation of phenol
and chlorophenols by Mn(VII) was reported by Sun et al. [21], and
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Fig. 1. The plot of In(FQ),/In(FQ), vs. time (i.e., time course of FQ oxidation) in the presence of excess Mn(VII) over the pH range of 5-10 (a-d) and the effect of additive
MnO, on the degradation of FQs by Mn(VII) at pH 7 (e,f). Experimental conditions: [EF]y = [CF]y = 5 pmol/L and [Mn(VIIl)], = 50 pmol/L.

these authors proposed that the MnO, served as oxidant rather
than catalyst contributing to the acceleration. While, HA showed a
limited effect on the degradation of carbamazepine by Mn(VII) and
showed inhibited effect on the degradation of sulfamethoxazole by
Mn(VII). Lately, Xu et al. [22] reported the accelerating effect of HA
on the degradation of levofloxacin (LF) by Mn(VII), wherein both
‘OH and HA stabilized Mn(Ill) were proposed to cause the acceler-
ated degradation. So, the effect of HA on the reactions of organic
compounds with Mn(VII) are far from clear which warrants further
investigation.

The primary objective of this work was to evaluate the oxida-
tion of FQs by Mn(VII), the effect of MnO, and the accelerating
mechanism of HA. For this purpose, the transformation of FQs in
the absence and presence of HA were investigated in detail. Firstly,
the transformation of FQs by Mn(VII) was investigated in synthetic
buffered solutions under various conditions with a focus on the
role of MnO, in situ formed. Then, the effect of HA on the reac-
tion kinetics and transformation products was comparatively in-
vestigated. Finally, an activation method based on the reduction of
Mn(VII) by Fe(Il), Mn(Il) and bisulfate (BS) was proposed to en-
hance the oxidation of FQs by Mn(VII). Here, commonly detected
enrofloxacin (EF) and CF were selected as representative FQs and
their structures were shown in Fig. S1 (Supporting information).
The details of materials used in this study and the analytical meth-
ods were listed in Supporting information.

Figs. 1a-d showed the time course of EF and CF decay in the
presence of excess Mn(VII). As can be seen, at pH 8-10, the decay
of EF and CF followed pseudo-first-order kinetics, indicating the
reactions were first-order with respect to EF in alkaline solution.
However, the degradation of EF and CF at pH 7 displayed inter-
esting autocatalysis: an initial lag phase followed by a secondary
rapid stage. In addition, more evident autocatalysis was observed
with solution pH decreasing from 7 to 5. Similar autocatalysis was
observed during the oxidation of triclosan, 2,4-dichlorophenol, ani-
line and primary anilines (e.g., bromo-aniline) by Mn(VII) espe-
cially under acid conditions, and these enhancements were previ-
ously ascribed to the gradual accumulation of MnO, in situ formed
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[8,14,15]. To shed light on the role of MnO,, the effect of MnO,
ex-situ prepared on the reactions of FQs with Mn(VII) was exam-
ined. As can be seen in Figs. 1e and f, the addition of MnO, ap-
preciably accelerated the degradation of FQs by Mn(VII). Slight or
negligible FQs were degraded by 50 nmol/L MnO, alone during the
investigated time scale. Therefore, MnO, was inert to the reaction
with FQs. These considerable enhancements could not be resulted
from the contribution of MnO, as a co-oxidant. The catalytic role
of MnO, well reported in literature especially in acid and neutral
solutions might rationalize the enhancement in FQs degradation by
Mn(VID).

It was well reported that complexing ligands (e.g., pyrophos-
phate (PPP)) could effectively suppress the generation of MnO, in
situ formed from Mn(VII) reduction [23]. As can be seen in Fig.
S2a (Supporting information), the presence PPP considerably inhib-
ited the degradation of EF over the pH range of 5-7, while indis-
cernible difference was observed under alkaline conditions in the
presence versus absence of PPP (data not shown). Interestingly, in
the presence of PPP, the decay of EF in the pH range of 5-7 fol-
lowed pseudo first-order kinetics without autocatalysis. These find-
ings further suggested the important role of MnO, especially un-
der acid and neutral conditions, where gradual accumulation of
MnO, as a catalyst resulted in the autocatalytic kinetics. Similar
to PPP, co-existing cations Ca?t and Mg2* considerably inhibited
the degradation of EF as well as CF at acid and neutral pH, where
the loss of FQs followed pseudo-first-order rate law without au-
tocatalysis (Fig. S2b in Supporting information). In previous work,
a surface complex catalytic mechanism was proposed to explain
the role of MnO, in accelerating Mn(VII) oxidation [24-28]. It was
proposed that absorbed contaminants on MnO, surface facilitated
its electron transfer with Mn(VII), where a precursor complex of
organic compound and MnO, initially formed was necessary. So,
it was not difficult to understand the inhibitory effect of cations
that Ca?t and Mg+ competitively occupied adsorptive sites on
negatively charged MnO, via electrostatic interactions, and acces-
sible sites for FQs and amount of the precursor complex accord-
ing to decreased leading to the suppressive degradation. In addi-
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Fig. 2. (a,b) Effect of HA on the degradation of FQs by Mn(VII). Effect of TBA and nitrogen purge on the degradation of FQs by Mn(VII)/HA (c,d). Experimental conditions:
[EF]o = [CF]op = 5 pmol/L, [Mn(VII)]o = 50 umol/L, [HA]o = 1 or 4 mg C/L, [TBA]o = 5 mmol/L, pH 7.

tion, cations could accelerate the aggregation of MnO,, leading to
the increase of particle size and decrease of specific surface area of
MnO,, which resulted in the decrease of adsorptive sites of MnO,.

In previous work, the important role of MnO, on the transfor-
mation of FQs by Mn(VII) was somewhat overlooked. So the re-
activity of Mn(VII) direct oxidation should be reinvestigated. In the
pH range of 5-7, complexing ligands or divalent metal cations were
added to inhibit the contribution of MnO, and the pseudo-first-
order rate constants (k. in s™!) of FQs oxidation by Mn(VII) alone
could be obtained. The apparent second-order rate constants (Kapp
in L mol~! s~1) could be determined as shown in Fig. S3 (Support-
ing information). As can be seen, pH had negligible effect on the
Mn(VII) direct oxidation rates, where solution pH increased from
pH 5 to 10, the values of kypppr varied form 1.23 L mol~'s™! to
1.06 L mol~'s~!, and k,pp, g varied from 0.93 L mol~!s~! to 0.99 L
mol~'s~1, respectively. Previous work have demonstrated that flu-
oroquinolone moiety was inert toward Mn(VII) [16]. So, the com-
parable reactivity of Mn(VII) towards EF and CF reactivity indicated
that Mn(VII) might primarily attack EF and CF at their tertiary aro-
matic amine group (i.e., N1 atom see Fig. 1). The weak pH depen-
dency of kapp also precluded aliphatic amine as the dominant tar-
get moiety, because the secondary amine (N4 nitrogen) exhibited
higher reactivity after deprotonated while the species of N1 nitro-
gen remained unchanged over a wide pH range.

In the absence of inhibitors (i.e., complexing ligands and
cations), the oxidation kinetics of EF and CF at acid and neutral
solution was accelerated and the degradation rates of FQs were
increased as solution pH decreased from 7 to 5, as described in
the precedent section. Given that FQs showed similar reactivity to-
wards Mn(VII) regardless of solution pH, this pH-dependency was
due to the fact that the catalytic role of MnO, was highly re-
lated to solution pH [14]. Such pH-dependence might be related
to the electrostatic repulsion that affected the surface-complex
formation between MnO, and FQs, which was necessary for the
subsequent electron transfer. The increase of the pH would in-
crease the negatively charged sites of MnO,. Moreover, with the in-
crease of solution pH, the speciation of FQs changes from cationic
to anionic species, less susceptible to adsorbing to the negative
charged MnO,, resulting in stronger electrostatic repulsion. Thus,
the amount of the precursor complex would accordingly decrease
as a function of increasing pH. Given the surface complex catalytic
mechanism, the decrease of precursor complex amount would re-
sult in the inhibition of oxidation process.

To elucidate the effect of HA on the degradation of FQs by
Mn(VII), experiments were conducted in the presence of varying
HA concentrations at environmentally relevant pH 7. As can be
seen in Figs. 2a and b, the presence of HA significantly accelerated
the degradation of FQs and the accelerating effect was enhanced
with the elevated HA concentration. For instance, with the increase
of HA concentration from 0 to 4 mgC/L, the percentage of EF degra-
dation considerably increased from ~50% to ~100% at 120 min. The
promoting effect of HA on levofloxacin oxidation by Mn(VII) was
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also observed in a previous study [22]. Therein, hydroxyl radical
(*OH) were proposed to be responsible for the enhancement, which
was originated from the reaction of manganese intermediates with
oxygen. In order to discern the role of HA during Mn(VII) oxida-
tion of CF and EF, the effect of tert-butanol (TBA; scavenger for
*OH) was examined. Moreover, experiments were also conducted in
oxygen-free atmosphere (by bubbling nitrogen) since oxygen was
reported to play a significant role in the formation of *OH. Interest-
ingly, it was found that TBA and nitrogen-atmosphere had negligi-
ble inhibiting effect on the degradation of EF and CF in Mn(VII)/HA
system (Figs. 2c and d). These findings indicated that the promot-
ing effect of HA on Mn(VII) oxidation of CE and EF was not at-
tributed to “OH. It was well known that HA with abounding func-
tional groups (e.g., phenolic, alkene groups) could act as a reduc-
tant to consume Mn(VII) and the accompanied formation of MnO,
was expected. The enhancement induced by HA observed at pH 7
might be ascribed to contribution of MnO, in situ formed from the
reduction of Mn(VII) by HA. In order to confirm this, one common
reducing agent As(Ill) was comparatively used in replacement of
HA. As expected, the oxidation kinetics of EF were also conspicu-
ously accelerated (Fig. S4 in Supporting information).

The transformation of EF by Mn(VII) in absence and presence
of HA were analyzed by HPLC-QTOF-MS. A total of thirteen prod-
ucts were identified in the absence of HA, and their detailed in-
formation including retention time, accurate mass, molecular for-
mula and proposed molecular structure were shown in Table S1
(Supporting information). For clear display, these products were
numbered sequentially on the basis of retention time. As can be
seen, the fluoroquinolone structure retained intact in all the pro-
posed products, in consistent with the kinetic results that flu-
oroquinolone was unreactive towards Mn(VII). Multiple changes
at piperazine ring were occurred with the formation of hydroxyl
group (II, IV, VI, and X) and carbonyl group (VIII), and even dealky-
lation and ring cleavage products (I, I, V, VII, IX, XI, XII and XIII).
In the presence of HA, identical products were detected indicat-
ing that MnO,-catalysis did not affect the transformation of FQs
by Mn(VII). On the basis of identified products as well as the liter-
atures on the reactions of Mn(VII) with amines, the transformation
pathway for the reactions of Mn(VII) with EF in the absence and
presence of HA was tentatively proposed (Fig. S5 in Supporting in-
formation). The presence of the piperazine ring on the quinolone
ring structure provides FQs with a considerably more potent an-
tibacterial activity. Kinetics and products identification results in
this study demonstrated that Mn(VII) could selectively oxidize the
piperazine moiety of FQs and the antibacterial activity of FQs was
expected to be reduced. Similar finding was also reported in the
study of Hu et al. [29] that ciprofloxacin (one of the FQs) was ox-
idized by Mn(VII) via the attack of piperazine substituent, result-
ing in a significant reduction of antibacterial activity. Thus, Mn(VII)
and Mn(VII)/MnO, treatment would cause efficient deactivation of

FQs.
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[Mn(VII)]o = 50 pmol/L; HA group: [HA]o = 4 mgC/L [Mn(VII)]o = 50 pmol/L; blank

group: [Mn(VIl)]y = 50 pmol/L.

Inspired by the accelerating role of HA as a reductant in
Mn(VII) oxidation, addition of reducing agents might be a promis-
ing method to enhance the oxidation efficiency of FQs by Mn(VII).
It was well known that Mn(Il) and Fe(Il) always exist in natural
waters. The application of Mn(VII) oxidation as pre-oxidation tech-
nology was expected to readily oxidize Mn(Il) and Fe(Il) in real
waters with the formation of MnO,, which could in turn activate
Mn(VII) for the treatment of organic contaminants. Recent studies
demonstrated that the use of bisulfite (BS) could activate Mn(VII),
where reactive Mn intermediates (i.e., Mn(V) and Mn(Ill)) and sul-
fate radical in-situ generated were proposed to responsible for the
enhancement of organics degradation [30-33]. However, the use of
excess BS intending to maximize the activation efficiency could re-
sult in the release of Mn(Il), which was undesirable in drinking
water treatment processes. According to the results in this study,
relatively low dosage of BS could be used in Mn(VII) activation
process where MnO, in situ formed could also accelerate Mn(VII)
oxidation.

The effects of Mn(Il), Fe(Il) and BS on the degradation of EF
by Mn(VII) were investigated at environmentally relevant pH 7. In
this section, different initial concentrations of Mn(VII) and stoi-
chiometric concentrations of Mn(Il) and Fe(Il) (Eqs. S3-S5 in Sup-
porting information) were used to ensure the preparation of iden-
tical Mn(VII) and in-situ formed MnO, ([Mn(VII)]y = [MnO;]y = 50
pmol/L) in these two cases. In the case of BS, the [Mn(VII)]/[BS] ra-
tio was set at 1:1 to maximum the activation of Mn(VII) by BS and
prevent the release of Mn(Il). As shown in Fig. 3, about 54% of EF
was degraded by Mn(VII) alone within 120 min, while the degra-
dation of EF increased to 74% in the presence of Fe(Il). In the cases
of Mn(Il) and BS, EF was completely degraded within 20 min and
60 min, respectively. The accelerating effect of Mn(Il) was more
efficient than Fe(Il). Possible explanations for the less efficient of
Fe(Il) includes (i) undesired precipitation of Fe(Il) and coacervation
of in-situ formed colloid MnO, caused by the ferric oxyhydrox-
ides at pH 7 [34] and (ii) the lower activating efficiency of Fe(lI)-
induced MnO, than Mn(Il)-induced MnO, by the loss of adsorp-
tion active sites. In the case of BS, the degradation of EF showed
biphasic kinetics. About 17% EF was degraded within 1 min and as
the reaction proceed EF was completely degraded in 60 mins. The
rapid degradation of EF in 1 min was attributed the activation of
Mn(VII) by BS where reactive Mn intermediate (e.g., Mn(V)) and
sulfate radical were involved [30]. Moreover, MnO, was formed
from the rapid reduction of Mn(VII) by BS, which activated residual
Mn(VII) for the degradation of EF in the following reaction time.
The above results suggested that Mn(Il), Fe(Il), and BS inducing
the formation of MnO, could activate Mn(VII) for the degradation
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FQs. For BS/Mn(VII) process, although the activation of Mn(VII) by
BS was not quite efficient at neutral pH, a relative high ratio of
[Mn(VII)]/[BS] ratio could be set so that the in-situ formed MnO,
could act as catalyst for Mn(VII) after the consumption of BS.

In conclusion, the transformation of FQs by Mn(VII) in the ab-
sence and presence of HA was systematically investigated. Here,
the catalytic role of in situ formed MnO, was reported, which was
always overlooked in previous studies. Also, HA as a reductant in
accelerating FQs degradation by Mn(VII) oxidation was distinctly
elucidated for the first time, where MnO, in situ formed from
the reduction of Mn(VII) by HA served as a catalyst. Considering
that the accelerating role of HA was related to its reducing ability,
an activation method based on Mn(VII) and reductant (i.e., Fe(Il),
Mn(Il) and (bi)sulfite) was proposed, which exhibited considerable
potential for application in the treatment of FQs contaminated wa-
ter.
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