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In Fenton-like oxidation, the catalyst directly influences the reaction mechanism for the degradation of
pollutants from water. Here, a «-MnO, catalyst (OAm-1) was synthesized via a self-assembly method
with the assistance of a surfactant. OAm-1 possessed a large specific surface area of 221 m?/g, abundant
mesoporous structures and a large proportion of Mn(IIl). Further characterization exhibited that OAm-1
had abundant oxygen vacancies and excellent reducibility and conductivity. The adsorption and catalytic
ability of OAm-1 were studied in the degradation of oxytetracycline (OTC) via the activation of hydrogen
peroxide (H,0,). Through the radical quenching experiments, electron resonance spectroscopy (EPR), X-
ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FT-IR) analysis, Mn(III)
of OAm-1 was proved to be the active sites for the chemisorption of OTC. Systematic electrochemical ex-
periments and analysis have shown that a process of electron transfer mediated by OAm-1 occurred be-
tween the pollutant and H,0, during a Fenton-like reaction. This work experimentally verifies the elec-
tron transfer process dominated nonradical mechanism over «-MnO,, which is helpful for understanding
the catalytic mechanism of the Fenton-like oxidation.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotic pollution, especially oxytetracycline, tetracycline and
chlortetracycline pollution, has become a serious environmental is-
sue. It is reported that the intensive use and inappropriate dis-
posal of antibiotics have contaminated over 60% rivers globally
[1,2]. Moreover, the long-term existence of antibiotic pollution will
damage people’s health and even cause antimicrobial resistance-
related deaths [3,4]. Therefore, developing cost-effective technolo-
gies to remove these contaminants is imperative. Advanced oxida-
tion processes (AOPs) are regarded as the promising technologies
for the degradation and mineralization of refractory antibiotic pol-
lutants [5-7]. AOPs that rely on the in-situ generation of various
reactive oxygen species (ROS) from oxidants can degrade organic
pollutants into harmless mineralized products [8-16]. Due to the
non-selectivity of these ROSs, such as *OH, SO4°~ and ‘O,, it is
difficult to utilize AOPs for the selective degradation of pollutants
in a complex aquatic environment. The existence of dissolved or-
ganic matter, halides and some certain anions in the environmen-
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tal matrix also leads to an invalid consumption of oxidants [17].
The shortages of free radicals increase the cost of AOPs and limit
their application.

Recently, nonradical oxidation processes, including electron
transfer processes, singlet oxygenation and activated high-valent
metal, were found to be useful rotes for the degradation of organic
pollutants in water [18]. Among these processes, electron transfer
processes among catalysts, oxidants and pollutants exhibit oxida-
tion selectivity, high utilization efficiency of oxidants, and tolerance
of background interference and pH values in the degradation [19-
22]. For example, Wang et al. recently reported an electron trans-
fer process over a Fe-Co dual-atom catalyst via the regulation of
peroxymonosulfate (PMS) adsorption mode on the catalyst surface
[23]. Li et al. synthesized a mullite oxide with rich surface labile
oxygen that conducted the bisphenol A degradation with electron
transfer via PMS activation [24]. Although many endeavors have
been devoted to the nonradical oxidation for the removal of antibi-
otic pollutants, most of them focused on the activation of persul-
fates. Comparatively, the knowledge about activation of H,0, via
a mediated electron transfer mechanism for the degradation of or-
ganic contaminants is rather limited.

Manganese oxide catalysts have been extensively exploited in
environmental catalysis, such as volatile organic compounds and
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wastewater treatment, because they are conductive, cheap and en-
vironmentally friendly, and have excellent adsorption and oxida-
tion ability to organics [25-28]. a«-MnO,-based materials usually
can proceed fast electron transfer processes, which makes them
good catalysts for a number of chemical transformations [29,30].
Therefore, it is important to fabricate novel ¢-MnO, materials with
outstanding redox and electron transfer abilities for promoting
chemical oxidation reaction. Previously, our study focused on the
fabrication and modification of cryptomelane-type «-MnO, (OMS-
2), and we found that OMS-2-based catalysts could activate various
oxidants for the synthesis of organic compounds and the degra-
dation of pollutants in water [31-34]. Recently, Chen et al. found
that Mn(Ill) of MnO, catalyst was critical to proceed the degrada-
tion of acetaminophen via an electron transfer pathway in PMS-
based AOPs [35]. Zhang et al. reported that the oxygen vacancies
of MnO, was responsible for the PMS activation via an electron
transfer mechanism [36]. MnO, materials were used as catalysts in
the degradation of biorefractory organics via the activation of H,0,
and further formation of ROSs [37,38]. However, limited attention
was paid to the electron transfer involved nonradical processes in
H,0, activation. More importantly, the textural properties, adsorp-
tion capacity, redox ability and vacancy concentration of o-MnO,-
based catalysts need to be modified and enhanced for catalytic ap-
plication.

In this study, we used a self-assembly method with the as-
sistance of a surfactant to prepare «-MnO, nanoribbons (OAm-1)
from potassium permanganate (KMnO4) and ethylene glycol. The
textural properties, redox ability and conductivity of OAm-1 were
studied by various characterization techniques. Compared to OMS-
2, OAm-1 had promoted textural properties and enhanced electron
transfer ability, although a large amount of n-hexane and ethanol
was needed to wash off the surfactant used in the synthesis pro-
cess. The adsorption and catalytic properties of OAm-1 were in-
vestigated in the degradation of oxytetracycline (OTC) via the ac-
tivation of H,0,, and OAm-1 showed a synergistic effect of ad-
sorption and catalysis for the oxidative removal of oxytetracycline.
For the mechanism study, free radical quenching experiments and
EPR analysis were conducted to identify the ROSs and nonradical
pathway. XPS, FT-IR analysis and more control experiments were
performed to illustrate the critical role of Mn(Ill) in OAm-1 and
the behavior of adsorption between OTC and OAm-1. Linear sweep
voltammetry (LSV) and open-circuit potential (OCP) analysis were
used to monitor the electron transfer process during the degrada-
tion. Chronoamperometry (CP) analysis was also applied to further
elucidate the change of electric current in the OAm-1/H,0, system.
This work explains the effect of Mn(Ill) of the catalyst for the re-
moval of OTC, and gets insight into the mediated electron transfer
mechanism between MnO, and H,0, through systematic electro-
chemical methods.

The crystal structures of OAm-1, OMS-2 and SDBS-3 that was
synthesized using sodium dodecylbenzenesulphonate as the sur-
factant with KMnO,4 (for details, see Supporting information) were
characterized by X-ray diffraction (XRD). In Fig. S1 (Supporting
information), seven characteristic peaks (26 =12.8°, 18.1°, 28.8°,
37.5°, 41.9°, 49.8°, 60.2°) were detected in OAm-1, OMS-2 and
SDBS-3, which indicates they had the pure «-MnO, (JCPDS, PDF
44-0141) crystal structures consisting of MnOg octahedra [39]. A
peak shift at 65.1° of OAm-1 was observed, which suggests the sur-
factant used in the preparation caused lattice distortion to some
extent and more defects might be generated. Next, FESEM images
exhibit that the materials synthesized with surfactants had a sim-
ilar nest morphology (Fig. S2 in Supporting information), which is
different from the morphology of OMS-2. The MnO, nests were
composed by nanoribbons with a diameter of 10-15nm and a
length of several micrometers. And, the density of nanoribbons
of SDBS-3 was much higher than OAm-1. With the help of high-
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resolution TEM, we could see the distinct interface defect existed
on the surface of nanoribbons possibly because of the addition of
sulfuric acid during the catalyst preparation (Fig. S3 in Support-
ing information). With the corresponding selected-area electron
diffraction (SAED) pattern in hand, the well-identified periodic lat-
tice fringes of 3.1 A and 4.9 A were corresponded to the interplanar
distance of (310) facet in OAm-1 and (200) facet in SDBS-3, respec-
tively.

N, adsorption/desorption isotherms were applied to explore
the textural properties of the samples (Figs. 1a and b). OAm-
1 and SDBS-3 both manifested type-IV N, adsorption/desorption
isotherms with a Hj hysteresis loop at the pressure (P/Py) range of
0.6-1.0 and 0.5-1.0, reflecting the existence of mesoporous due to
the phenomenon of capillary condensation [40]. The pore diame-
ter distribution curves revealed the different porous structures of
OAm-1 and SDBS-3 (Fig. 1b). OAm-1 had mesopores with a larger
pore size from 5nm to 20 nm, while SDBS-3 had mesopores with a
very small pore size around 3-5nm and narrow pore diameter dis-
tribution. For OMS-2, it had mesopores and macropores (Fig. S4 in
Supporting information). Generally, the mesoporous catalysts with
smaller and uniform pore size may lead to a long retention time of
the in-situ generated complex from the substrate in the void space
and accelerate the catalytic performance [41]. Table S1 (Support-
ing information) lists the textural parameters of the MnO, sam-
ples. Impressively, OAm-1 and SDBS-3 both had a larger specific
surface area (221.17m?/g and 259.85m?2/g, respectively) and total
pore volume (0.87 cm3/g and 0.53 cm3/g, respectively) than those
of OMS-2 (67.11m2/g and 0.38 cm3/g). The nest architecture with
large surface area and rich porous structure of OAm-1 might ben-
efit the catalytic performance because it affords more active sites
and large contact areas for the substrates in the adsorption and
degradation.

H,-temperature programmed reduction (H,-TPR) were per-
formed to evaluate the reducibility of the samples and distin-
guish their surface adsorbed oxygen species (Fig. 1c). All samples
experienced the reduction reaction from MnO, to Mn;03/Mn304
and MnO with the increase of reduction temperature [42]. Com-
pared with OMS-2, OAm-1 and SDBS-3 started to show reduction
peaks at around 189°C and 215 °C, respectively. These reduction
peaks mean the consumption of surface labile oxygen species on
the materials [43]. OMS-2 showed the reduction peaks at around
273 °C. Thus, «-MnO, prepared with the surfactants had better re-
ducibility and more abundant surface labile oxygen species. Be-
tween 250°C and 300°C, three materials all showed the peaks
from the reduction of MnOg-vacancy and MnOg-K* at the simi-
lar temperature region (260°C, 287°C and 282°C). The reduction
peaks from 300°C to 450°C were assigned to the reduction of
the lattice oxygen. Compared with OMS-2, the lattice oxygen of
OAm-1 and SDBS-3 were harder to be reduced. Next, O, temper-
ature programmed desorption (O,-TPD) was carried out to investi-
gate the oxygen species in the MnO, samples. In general, O,-TPD
spectra is explained by three sequential stages of oxygen species:
the release of surface oxygen molecules/active surface oxygen (low
temperatures, <300°C), subsurface lattice oxygen (medium tem-
peratures, 300-600°C) and bulk lattice oxygen (high temperatures,
>600°C) [44]. The most important observation from Fig. 1d is
OAm-1 showed the biggest desorption area at the low temperature
region. The amount of surface adsorbed oxygen species from the
lower desorption temperature follows the order: OAm-1 > SDBS-3
> OMS-2. Since oxygen is usually adsorbed at the oxygen vacan-
cies of a material, it is reasonable to deduce that OAm-1 owned
the largest number of oxygen vacancies and exhibited strong oxy-
gen adsorption and activation ability. Moreover, the Mn-O bond in
OAm-1 was looser because the oxygen species released at a very
low temperature. These results indicate that the surfactant oley-
lamine better the physicochemical properties of OAm-1 and led to
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Fig. 1. (a) N, adsorption/desorption isotherms, (b) pore analysis of OAm-1 and SDBS-3, (c) H,-TPR and (d) O,-TPD.

some positive effects on its catalyst activity in the further degra-
dation reaction.

To investigate the surface chemical properties of the samples,
X-ray photoelectron spectroscopy (XPS) analysis was conducted
(Figs. S5 and S6 in Supporting information). The XPS survey spec-
tra show the main elements (Mn, O, K) of the as-prepared MnO,
(Fig. S6a). And the XPS spectra of Mn 2ps, of all samples were
divided into three peaks corresponding to the Mn3* (642.6eV),
Mn**+ (643.9eV) and Mn2* (641.5 eV), respectively [33]. The ratio
of different valence Mn was calculated by their peak areas and
the results were listed in Table S1. The ratios of low valence Mn
(Mn2t and Mn3+*) to Mn*t in the samples follow the order: OAm-
1 (2.92) > SDBS-3 (2.56) > OMS-2 (1.81). Accordingly, the average
oxidation state (AOS) of Mn in all samples followed the same order.
These results also indicate that OAm-1 with the largest amount of
low valence Mn exhibited the highest concentration of oxygen va-
cancies [45,46]. In the O 1s spectra of the samples, three kinds of
surface oxygen species could be distinguished (Fig. S5b). The peaks
at 530.0eV, 531.5eV and 533.1eV corresponded to lattice oxygen
(Oyatt), surface adsorbed oxygen (Og,s) and surface adsorbed water
(Oadsh,0), respectively [47]. OAm-1 owned the much higher ration
of 0,4s/Ojar @and the most abundant O,y that is tended to partic-
ipate into the oxidation reaction. In Fig. S7 (Supporting informa-
tion), the signal intensity in the ESR spectra at g=2.005 attributed
to the unpaired electrons at the oxygen vacancy sites also indicates
the abundant presence of oxygen vacancies in OAm-1 [48], which
is consistent with the results of O,-TPD and XPS analysis. Thus,
OAm-1 might be highly active in oxidation reaction.

In order to study the catalytic ability of OAm-1, OMS-2 and
SDBS-3, OTC was used as the target pollutant to degrade via the
activation of H,0,. In Fig. 2a, the adsorption of these catalysts was
discussed firstly. The adsorption rate of OTC followed the order:
OAm-1 (50%) > SDBS-3 (44%) > OMS-2 (22%). It is worth not-
ing that no characteristic peaks of generated organic intermediates
were found by UV-vis spectrophotometer among the reaction of
OTC and OAm-1 (Fig. S8 in Supporting information), and this re-
sult excluded the oxidation role of OAm-1. FT-IR spectra of OAm-
1 in different conditions suggested that OTC might adsorb on the
catalyst via chemosorption because blue- and red-shift of adsorbed
OTC peaks was observed (Fig. S9 in Supporting information). Fig.
S10 (Supporting information) revealed that the adsorption over
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Fig. 2. (a) Adsorption and (b) degradation performance on OTC removal in
different reaction systems. Reaction conditions: [OTC] =0.05mmol/L, [catalyst]
=3.45mmol/L, [H,0,] =200 mmol/L, room temperature.

OAm-1 was better consistent with the pseudo-second-order model
and chemosorption played a major role in the rate-limiting step
in the adsorption of OTC [49-51]. It is believed that the better ad-
sorption performance of OAm-1 resulted from its large specific sur-
face area, mesoporous structure and abundant oxygen vacancies.
Subsequently, the degradation of OTC was studied in the Fenton-
like reaction (Fig. 2b). First of all, H,0, could not oxidize OTC with-
out any catalysts. The OTC degradation efficiency was obviously
improved when the as-synthesized «-MnO, materials were intro-
duced in the reaction. OAm-1, OMS-2 and SDBS-3 led to degrada-
tion rates of 82%, 53% and 76%, respectively. And, the degradation
rate constant (kgps) of 0.115 min~!, 0.072 min~! and 0.099 min~!
was obtained from OAm-1, OMS-2 and SDBS-3, respectively. Con-
sidering the adsorption ability of the as-synthesized «-MnO, ma-
terials, the removal of OTC was attributed to a synergistic effect
between adsorption and degradation. The observation showed that
OAm-1 is the optimal catalyst among the as-obtained «-MnO, cat-
alysts.

Next, the reaction parameters, such as the dosage of H,0, and
catalyst, OTC concentration and pH value, were examined (Fig.
S11 in Supporting information). The H,0, dosage was studied un-
der the standard conditions (Fig. S11a). The degradation efficiency
rose gradually with the increase of H,O, dosage from 5mmol/L
to 200 mmol/L. When the H,0, dosage was added in 400 mmol/L,
the degradation rate did not significantly enhance. It tends to be-
lieve that the excessive H,0, was catalyzed by OAm-1 through
an invalid decomposition pathway [52]. In order to enhance the
utilization efficiency of H,0,, the addition of H,0, in portions
was applied for the subsequent experiments and the degradation
rate reached 82%. According to Fig. S11b, the degradation rate of
OTC grew rapidly from 75% to 88% with the increase of catalyst
dosage from 1.15mmol/L to 5.75mmol/L, and the value of kg,
complied with the same tendency. Based on this, the optimum
OAm-1 dosage was 3.45mmol/L. In Fig. S11c, with the increase of
OTC concentration, the degradation rate decreased with a falloff in
the ks value. In addition, the influence of the solution pH value
and co-existed ions on the degradation were systematically stud-
ied. OAm-1 exhibited superior tolerance in acid (pH 3) and basic
(pH 10) conditions, showing the similar OTC degradation perfor-
mance (Fig. S11d). When inorganic anions (Cl-, SO42~, NO3~ and
HPO42~) and natural organic matters (humic acid) existed in the
degradation system, the degradation efficiency was not influenced
too much (Fig. S11e). Interestingly, a significant promotion effect
of HCO3~ for the OAm-1/H,0, system was observed, which may
be about bicarbonate activated H,0O, system to produce more ac-
tive species for the highly efficiency [53]. Lastly, the degradation
kinetics suggested that the OAm-1/H,0, system gave the lowest
apparent activation energy (E; = 20.604k]/mol) in the degrada-
tion compared with the OMS-2/H,0, system (E, = 32.569 k]/mol)
and the SDBS-3/H,0, system (E; = 21.096 k]/mol) (Fig. S11f). The
lowest apparent activation energy of OAm-1 further indicates its
catalytic superiority in the degradation process via the activation
of H202.
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Fig. 3. (a) Inhibition effect of radical scavengers on OTC degradation in OAm-
1/H,0, system. (b) EPR spectra of OAm-1/H,0, system with DMPO and TEMP as
the trapping reagents. (c) The effect of PP dosage on OTC degradation in OAm-
1/H,0; system. (d) The effect of the variation of H,O, concentrations on H,0,
conversion with or without PP. Reaction conditions: [OTC] =0.05mmol/L, [OAm-1]
=3.45mmol/L, [H,0,] =200 mmol/L, room temperature.

To unveil the degradation mechanism, the ROSs were identified
by using quenching experiments. The three free radical quench-
ing reagents, including methanol (CH3OH, a sacrificial for “OH rad-
ical), sodium azide (NaNs, a sacrificial for 10, radical), chloroform
(CHCI3, a sacrificial for *0,~ radical) were employed. The degra-
dation was almost not affected by the scavenging reagents and
only CH3OH showed a slight inhibition (Fig. 3a) [54-56]. How-
ever, the signal of "OH and 'O,~ was detected using EPR measure-
ment with 5,5-dimethyl-1-pyrrolidine N-oxide (DMPO) and 2,2,6,6-
tetramethyl-4-piperidinol (TEMP) as the spin-trapping reagents
(Fig. 3b). No 10, signal was detected. So, it means that free rad-
icals were produced in the catalytic system [57], but they did not
directly contribute to the degradation of OTC. These results implied
that radical and '0,-dominated processes were not involved in the
degradation reaction.

For studying the degradation mechanism, the impact of Mn in
the system was investigated. It is known that sodium pyrophos-
phate (PP) can be applied as a probe molecule for scavenging
Mn(IIl) [58-60]. When PP was added in the degradation reaction,
the removal rate of OTC decreased significantly (Fig. 3c). Thus,
Mn(Ill) of OAm-2 might be the active site during the degradation.
Besides, H,O, decomposition was investigated under the differ-
ent conditions (Fig. 3d). Normally, MnO, is inclined to decompose
H,0, through a two electrons transfer [37]. As expected, almost
100% of H,0, was decomposed by OAm-1, and PP could decrease
the conversion of H,0, because it scavenged Mn(Ill) of the cat-
alyst. Interestingly, we found that the amount of pollutant could
affect the decomposition of Hy0, over the catalyst. The addition
of OTC (0.05 mmol/L) unexpectedly inhibited H,0, decomposition
rate with OAm-1 although H,0, was almost decomposed at 180s.
Increasing the addition of OTC from 0.05 mmol/L to 0.10 mmol/L,
the conversion rate of H,0, surprisedly increased. It is concluded
that H,0, decomposition might be related to a complex generated
via the adsorption of OTC by OAm-1.

Subsequently, we focused on the electron transfer process in
the degradation process through a series of electrochemical meth-
ods. First, cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were applied to explore the electrochemical per-
formance of the as-synthesize o-MnO, materials. The CV within
a potential window from OV to 1V in 0.5mol/L Na,SO4 elec-
trolyte was conducted to evaluate the a-MnO, electrode charge
propagation properties (Fig. S12a in Supporting information). The
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Fig. 4. (a) LSV and (b) OCP curves in the different systems by the bare electrode
(bare GCE) and OAm-1 electrode. (c, d) I-t curve of OAm-1/H,0, system in the pres-
ence of OTC. Reaction conditions: [OTC] =0.05mmol/L, [0Am-1] =3.45mmol/L,
[H20,] =120 mmol/L, room temperature.

CV curves of OMS-2 and SDBS-3 showed a very narrow area and
small current, indicating a minimal specific capacitance contribu-
tion [61]. OAm-1 exhibited good charge propagation and irregu-
lar rectangular shape at the same scan rates, indicating its excel-
lent electrochemical performance. On the other hand, the interfa-
cial conductivity of the three materials was discussed by means of
EIS because more conductive catalysts can lead to faster electron
transfer (Fig. S12b in Supporting information). OAm-1 presented
the lowest R¢ (15.48 ©2) that was smaller than 81.89 Q2 of SDBS-
3 and 2411 of OMS-2. The smallest R. indicates that OAm-1,
which has the lowest charge transfer, can facilitate electron trans-
fer in the degradation process [62]. These results prove that the
good reducibility and abundant oxygen vacancies of OAm-1 made
it more conducive to interfacial charge transfer in the degradation
of pollutants [63]. Next, linear sweep voltammetry (LSV) was used
to study the electron transfer process in the OAm-1/H,0, system.
As shown in Fig. 4a, when a bare glassy carbon electrode (GCE)
was used as the working electrode, no apparent current response
was observed in the electrolyte containing both OTC and H,0,. In-
terestingly, the current density of OAm-1 electrode suddenly in-
creased with the addition of OTC. And a slight red shift occurred
in Raman spectra also confirm the consequence of electron trans-
fer during the reaction (Fig. S13 in Supporting information) [64].
Moreover, it should be mentioned again that new peaks appeared
in the FT-IR spectra when OAm-1 adsorbed OTC (for detailed dis-
cussion, see Fig. S9 in Supporting information). These results sug-
gest that the electron transfer process existed between OAm-1 and
OTC and a complex was formed via the chemosorption of OTC on
OAm-1 [65].

The fast electron transfer in OAm-1/H,0, system was next re-
vealed by open circuit potential (OCP) test (Fig. 4b). The OCP of
bare GCE raised slightly once H,0, and OTC were added into the
solution, which means H,0, cannot directly degrade OTC without
any catalysts. The OCP of OAm-1-coated GCE was stable and below
0.30V (vs. SHE) after being immersed into the Na,SO,4 electrolyte.
With OTC in the solution, the OCP decreased immediately and sub-
sequently approached to an equilibrium value at 0.26V. The obser-
vation indicates the complex were formed on the catalyst surface
via chemosorption of OTC over OAm-1. If H,0, was subsequently
added, a significant negative offset for the electrode was observed
again with an electron transfer.

Lastly, chronoamperometry (CP) was applied to reveal the di-
rection of electron transfer from OTC (electron supplier) to H,0,
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Scheme 1. Proposed mechanism of mediated electron transfer process in «-
MnO,/H,0, system for the degradation of OTC.

(electron withdrawer) via the changes of current signal in the pres-
ence of OAm-1-coated GCE. If H,0, was added firstly, a negative
change in the current was observed compared with the current of
addition of oxidant before. Then, the addition of OTC initiated a
significant positive current. These results imply that the electron
transfer took place from OTC to OAm-1 (Fig. 4c). If OTC was added
firstly, we detected a slight time-dependent positive change com-
pared with current which no OTC added before. Then H,0, was
added, another relative negative current change was observed (Fig.
4d). Based on these results, it can be inferred that the electron
transfer process firstly occurred from OTC to OAm-1 for the forma-
tion of complex, and then H,0, preferred to be an electron with-
drawer from the complex in the second process of electron trans-
fer. Thus, the OAm-1 mediated electron transfer process is existed
in the degradation process.

According to the XPS spectra of the fresh catalyst and used one
(Fig. S14a in Supporting information), the peaks of Mn2*, Mn3+
and Mn#+ in used catalyst were almost maintained at the same po-
sition. The proportion of Mn** did not change significantly. How-
ever, the percentage of Mn3* decreased from 58.2% to 42.7% and
the percentage of Mn?* increased from 16.3% to 28.9%. The AOS of
the used OAm-1 also decreased from 3.66 to 3.43 (Fig. S15 in Sup-
porting information). Therefore, the redox reaction of Mn%+/Mn3+
(and Mn3*/Mn**) happened during the degradation, which plays a
crucial role in the electron transfer process between OTC and H,0,
via the chemosorption. Meanwhile, the increased intensity of Oy,
and the decreased proportion of Og,s in used catalyst were ob-
served (Fig. S14b in Supporting information), which demonstrates
that immense amount of Oy, participated into the electron trans-
fer process during the degradation.

Based on the above discussion and previous reports [66,67],
a catalyst-mediated electron transfer mechanism was proposed in
Scheme 1. Firstly, OTC orientally adsorbed onto the Mn(III) species
of OAm-1 through the chemosorption to form a complex. After
that, the electron transferred from OTC to Mn(Ill) and OTC was ox-
idized at the same time. Subsequently, the second electron trans-
fer process occurred from the electron donor Mn(Il) to H,O, that
acted as the electron withdrawer. Finally, H,O, decomposed to
H,0 and O,. Meanwhile, a small amount of H,0, was activated by
the catalyst to yield hydroxyl free radicals for the degradation. And,
in-situ generated O, accepted electron to yield superoxide radicals.

The recycling experiments of OAm-1 were conducted, which
shows that its adsorption ability to OTC decreased after five cy-
cles and the degradation rate still reached around 70% (Fig. S16a in
Supporting information). OAm-1 had a good structural stability be-
cause the morphology of OAm-1 kept unchanged after the degra-
dation (Fig. S18 in Supporting information). The metal leaching of
the catalyst was analyzed by inductively coupled plasma-atomic
emission spectrometry (ICP-AES), which shows that 2.289 mg/L of
Mn and 1.270mg/L of K were detected in the filtrate (Table S2
in Supporting information). A Mn?* salt was used as a homoge-
neous catalyst instead of OAm-1 in the Fenton-like reaction and
only a 20% degradation rate was obtained (Fig. S17 in Supporting
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information). The result rules out the involvement of the leaching
metal in the degradation. On the other hand, the OAm-1/H,0, sys-
tem demonstrated excellent degradation activity for chlortetracy-
cline and tetracycline, and the degradation rate of examined an-
tibiotics was significantly accelerated with the addition of H,0,
(Fig. S16b in Supporting information). Especially for TC, an excel-
lent degradation rate of 88% over OAm-1 was realized.

In summary, we successfully prepared «-MnO, nanoribbons
(OAm-1) with the help of oleylamine as a surfactant. As-
synthesized material had a large specific surface area of 221 m?/g,
abundant mesoporous structures and a large proportion of Mn(III).
More characterization confirmed that it had outstanding reducibil-
ity and conductivity. OAm-1 could be used as a catalyst in the
degradation of OTC via Fenton-like oxidation. And, 82% of OTC
could be degraded in the OAm-1/H,0, system. According the free
radical quenching experiments, EPR, FT-IR and XPS analysis, the
degradation proceeded via a mediated electron transfer pathway.
Mn(Ill) was found to be the adsorption sites for OTC and related to
the complex formation. More importantly, comprehensive electro-
chemical characterization and experiments demonstrated that the
first electron transfer process occurred between the catalyst and
the pollutant to form the complex, and the complex induced the
second electron transfer process for the H,0, decomposition. This
study provides a quite novel perspective for understanding a me-
diated electron transfer in Fenton-like oxidation.
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