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� Mn-MIL-53(Fe) was synthesized by
one-step solvothermal method.

� The obtained Mn-MIL-53(Fe) could
efficiently activate
peroxymonosulfate (PMS).

� Reaction parameters of Mn-MIL-53
(Fe)/PMS system for TC degradation
were optimized.

� Possible mechanism of tetracycline
(TC) degradation and TC degradation
pathway were investigated proposed.

� The Mn-MIL-53(Fe) system exhibited
high efficiency in actual water.
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Herein, Mn-doped MIL-53(Fe) were fabricated via one-pot solvothermal method and used for peroxy-
monosulfate (PMS) activation towards tetracycline (TC) degradation from aqueous solution. The charac-
terizations of SEM, FTIR and XRD were utilized to reveal the morphology and structure of the materials.
The results showed that Mn-MIL-53(Fe)-0.3 displayed the optimal catalytic performance, the removal
efficiency of TC could reach 93.2%. Moreover, the catalytic activity of Mn-MIL-53(Fe) towards TC under
different initial pH values, co-existing anions (Cl�; CO2�

3 and SO2�
4 ) and humic acid (HA) were investi-

gated. The results of thermodynamic experiment suggested that the catalytic process was endothermic.
In addition, integrated with capture experiments results and the characterization results of electron para-
magnetic resonance (EPR), which revealed that SO��

4 and HO� were the reactive radicals involving in the
reaction. More importantly, the possible activation mechanism was discussed in detail based on the X-ray
photoelectron spectroscopy results. The active species were generated by the active sites of Fe(II) and Mn
(II) on Mn-MIL-53(Fe) effectively activated PMS. Furthermore, the degradation intermediates and possi-
ble degradation pathway were investigated by LC-MS. Finally, the catalyst also showed good performance
in actual wastewater and demonstrated good recyclability. The Mn-MIL-53(Fe)/PMS system exhibited a
promising application prospect for antibiotic-containing waste water treatment.

� 2020 Elsevier Inc. All rights reserved.
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1. Introduction

So far, antibiotics have been broadly used in the fields of med-
icine, animal husbandry and fish farming as antimicrobial agents
[1]. However, the widespread utilization and discharge of antibi-
otics, such as tetracycline (TCs), enables them can be constantly
discovered in medical wastewater, domestic sewage, and even sur-
face water. The residue of antibiotics and their derivatives not only
cause serious environmental issues, but also have a potential
impact on human health [2,3]. However, conventional treatment
is difficult to degrade antibiotic residues. Therefore, employ low-
cost and efficient methods to eliminate the antibiotics from aquatic
environment is significance.

In the past few decades, a variety of methods for removing
antibiotic contaminants from aquatic environment have been
extensively investigated, including electrodegradation [4,5], anaer-
obic digestion [6,7] and photocatalytic degradation [8–10] etc.
Among these methods, advanced oxidations processes (AOPs)
shows excellent potential for antibiotics degradation, due to the
generated radicals with high oxidative efficiency [11]. AOPs with
sulfate radical (SO��

4 ) as the main free radical has been extensively
explored for its high redox potential, high oxidation selectivity and
strong oxidation capacity, which makes it has great application
potential in wastewater treatment [12].

The generation of sulfate radical (SO��
4 ) can be achieved by the

transition metals activation of peroxymonosulfate, as show in
Eqs. (1) and (2). Recently, the heterogeneous catalytic system
which couples of transition metals (Co, Mn and Fe) and peroxy-
monosulfate (PMS) has been shown to degrade antibiotics effi-
ciently [13,14]. Among them, the Co2+/PMS system showed
excellent efficiency in the removal of antibiotics, and the system
is stable at a wide pH range [15,16]. However, the Co2+ leached
by Co-containing catalysts may cause more serious damage to
the environment, which seriously restricts its practical application
in water treatment. Fortunately, Mn-based catalysts also can effec-
tively eliminate antibiotic contaminants from aquatic environment
and Mn2+ is relatively more eco-friendly than Co2+. In general, tran-
sition metals at redox potential can react more easily with PMS,
thus facilitating the formation of active radicals [17,18]. Among
Co, Mn and Fe, Co has the highest standard redox potentials of
1.92 V, and the redox potentials of Mn and Fe are 1.54 V and
0.77 V. Therefore, Co-based catalyst is more effective than Mn-
based and Fe-based catalysts in activating PMS for antibiotics
degradation. However, since the leached Co2+ is relatively more
toxic than Mn2+ and Fe2+, Mn-based catalysts and Fe-based cata-
lysts are more eco-friendly catalysts. Thus, it is imperative to
develop Mn-based and Fe-based catalysts with excellent properties
for antibiotics degradation [19,20].

Mnþ þHSO�
5 ! M nþ1ð Þþ þ SO��

4 þ OH� ð1Þ

M nþ1ð Þþ þHSO�
5 ! Mnþ þ SO��

5 þHþ ð2Þ
In recent years, metal organic frameworks (MOFs) has engaged

great attention of researchers. MOFs as a porous material which
are formed through the connection between organic ligands and
inorganic units by strong bonds [21,22]. Due to its special high sur-
face area, large pore volume, easy tunability and easy to be modi-
fied, MOFs have showed great potential applications in adsorption,
catalysis and gas storage [23,24]. In addition, MOFs exhibited bet-
ter performance than traditional materials for organic pollutants
removal. For instance, Li et al. synthesized MIL100-MIP which
can accurately identify and catalyze diethyl phthalate (DEP) degra-
dation from wastewater [25]. Their study explored that the selec-
tive removal efficiency of MIL100-MIP to DEP was almost 6 times
than Fe0 and 1.5 times than activated carbon (AC). Liao et al. [26]
obtained MIL-88A-Fe with rod-shaped structure by one-step
solvothermal method for the removal of phenol, which was more
convenient than high temperature calcination for the synthesis of
biochar-based materials. Cao et al. [27] investigated that Co-
doped UiO-66 was effective in removing TC in solution due to its
high specific surface area and multiple active sites. Therefore, it
is necessary to explore efficient MOFs-based catalysts for the
removal of organic pollutants. Among numerous MOFs materials,
MIL-53(Fe) has the advantages of stable structure, easy to modified
and multifunctional, which enables it been widely investigated by
many researchers [28]. Furthermore, the metal centers of Fe3+/Fe2+

showed better catalytic performance. In general, the active metal
center of MOFs is the main reason for its catalytic activity. MOFs
with multiple metal centers may exhibit better catalytic perfor-
mance than MOF with isolated metal centers [29]. Therefore, tran-
sitional metal-doped modification can obviously enhance the
particular activity of MOFs and have attracted numerous attention
in recent years [30].

Hence, in this work, we focus on doping MIL-53(Fe) with Mn2+.
Mn-doped MIL-53(Fe) series with different Mn contents were syn-
thesized for catalytic degradation of TC from aqueous solutions.
What’s more, the removal efficiency of TC by Mn-MIL-53(Fe)/
PMS systems under different pH values, temperature, co-existing
ions, and humic acid were evaluated. Besides, the possible mecha-
nism of Mn-MIL-53(Fe) activation of PMS to generate active radi-
cals has been obtained by XPS, EPR and radical capture
experiments. Furthermore, the reusability of Mn-MIL-53(Fe) was
assessed and the degradation intermediate and possible degrada-
tion pathway were investigated by LC-MS. The improvement of
TC removal efficiency indicated that a feasible strategy was
adopted to enhance the catalytic performance of MOFs.

2. Materials and methods

2.1. Chemicals

Iron(III) chloride hexahydrate (FeCl3�6H2O, 99.0%), manganese
(II) chloride (MnCl2�4H2O, 99.0%), N, N-Dimethylformamide
(DMF), terephthalic acid (H2BDC, 99.0%), tetracycline (TC), sodium
chloride (NaCl), sodium sulfate (Na2SO4), sodium carbonate (Na2-
CO3), humic acid (HA), anhydrous ethanol, methanol and tertiary
butanol (TBA) were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Potassium monopersulfate triple salt
(PMS, 42%–46% KHSO5 basis) were purchased from Macklin Bio-
chemical Co., Ltd. (Shanghai, China). The reagents mentioned above
were all analytical grade and have not been further purified.

2.2. Preparation of samples

MIL-53(Fe) was obtained with DMF as solvent by one-step
solvothermal method [31]. Typically, put FeCl3�6H2O, H2BDC and
DMF into a beaker and stirred at room temperature until clarify,
where their molar ratio was 1:1:280. Subsequently, poured the
solution into a 100 mL Teflon-lined steel reactor and put in an oven
statically for 15 h under the condition of 150 �C. After the temper-
ature of the solution in the reactor decreased to room temperature,
it was centrifuged and washed several times by DMF and anhy-
drous ethanol. And the yellow product of MIL-53(Fe) was obtained.
Finally, the obtained yellow product was placed in a vacuum dry-
ing oven and dried at 60 �C overnight.

The preparation of Mn-MIL-53(Fe) was similar with MIL-53(Fe).
Typically, 0.674 g FeCl3�6H2O, 0.415 g H2BDC and 56 mL DMF were
stirred evenly on the magnetic agitator. Proper amount of
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MnCl2�4H2O (the molar ratio of MnCl2�4H2O and FeCl3�6H2O were
1:0.3, 1:0.5, 1:1, 1:2 and 1:3, respectively) was added in above
solution. After stirring, transferred the solution into Teflon-lined
steel autoclave and put in an oven statically for 15 h under the con-
dition of 150 �C. After the temperature of the solution in the auto-
clave decreased to room temperature, it was separated by
centrifugation and washed several times by DMF and anhydrous
ethanol. Finally, the obtained product was placed in a vacuum dry-
ing oven and dried at 60 �C overnight. The obtained powder was
named as Mn-MIL-53(Fe)-X (X = 0.3, 0.5, 1, 2 and 3, which repre-
sents for the MnCl2�4H2O: FeCl3�6H2O mole ratio).

The characterization methods and experiment methods were
described in Supporting Information (SI).
3. Results and discussion

3.1. Characterizations

The morphological structures of synthesized samples were ana-
lyzed by scanning electron microscope (SEM). As the SEM images
displayed (Fig. 1a), the particles of MIL-53(Fe) exhibited a regular
hexagonal pyramid-like shape with a uniform size. It could be
observed from Fig. 1b that the addition of Mn2+ obviously affected
the morphological structure of MIL-53(Fe). Fig. 1b showed that the
morphology of Mn-MIL-53(Fe)-0.3 presented a double-cone hexag-
onal prism structure. And Mn-MIL-53(Fe)-0.3 had sharp edges and
smooth surface structure. However, the particle size of the Mn-
MIL-53(Fe)-0.3 was smaller than that of MIL-53(Fe).

The characteristic functional groups of obtained samples were
revealed by FTIR spectroscopy measurement. As the FTIR spectra
exhibited (Fig. 2), there were characteristic peaks occurred at the
position of 3467, 1615, 1390, 750 and 538 cm�1 in the MIL-53
(Fe). The occurrence of the strong and wild peak at 3467 cm�1

might be caused by the stretching vibration of the OAH, which
might be the water molecules adsorbed on the surface of samples
[32]. The stretching vibration of C@O might be the reason for the
occurrence of the adsorption peak at 1615 cm�1. Besides, the
strong peak at 1390 cm�1 was corresponds to the symmetric vibra-
tions of –COOH, which indicated that the presence of H2BDC as an
organic ligand in the frameworks of the materials [33]. Further-
more, there was a bending vibration peak of CAH at the position
of 750 cm�1, which was attributed to the benzene rings of the
organic ligands [34,35]. Moreover, a adsorption peak was occurred
at 538 cm�1, which was caused by the stretching vibration of Fe-O
[36]. The characteristic peaks of Mn-doped MIL-53(Fe) appeared in
the same position as that of MIL-53(Fe) which confirmed that they
had the same structure [37]. The absence of distinct characteristic
peaks of Mn-O might be due to its lower relative content than Fe.

The XRD pattern (Fig. 3) showed that the pristine MIL-53(Fe)
had the characteristic peaks as reported in the literature which
confirmed the synthesis of MIL-53(Fe) was successful [38]. Com-
pared with the virgin MIL-53(Fe), the characteristic peaks of the
five Mn-doped MOFs appeared in the same position but the inten-
sity of the characteristic peaks changed. It indicated that the crys-
tal structure of Mn-doped MIL-53(Fe) was the same as the original
MIL-53(Fe). Thus, the analysis results of XRD were consistent with
FTIR. The undetected peaks of manganese oxide and manganese
salt might be caused by the partial isomorphism of Mn replacing
Fe [39].

The N2 adsorption and desorption isotherms of the synthesized
samples were carried out to further explore their surface area, pore
diameter and pore volume. The obtained parameters and pore size
distributions (inserted) were demonstrated in Fig. 4 and Table 1.
Obviously, it exhibited the typical type 1 curve, which might be
attribute to its microporous structure. Moreover, the pore size dis-
tribution showed the existence of micropores which the pore
diameter mainly concentrated at 0–20 nm. The surface area of
MIL-53(Fe) and Mn-MIL-53(Fe)-0.3 were 231.63 and 405.95 m2

g�1, respectively. The pore volume of MIL-53(Fe) was 0.135 cm3

g�1. After doping Mn2+, the pore volume increased to 0.213 cm3

g�1. The pore size distributions images (inserted) also showed that
the pore size of the sample was mainly distributed in micropores
[40].

3.2. Catalytic performance of materials

The catalytic performance and kinetic behavior of Mn-MIL-53
(Fe)/PMS systems for TC degradation were shown in Fig. 5a. The
results demonstrated that 43.1% degradation efficiency of TC was
attained within 60 min in MIL-53(Fe)/PMS system, while the
degradation efficiencies of TC were 89.8% and 93.2% in Mn-MIL-
53(Fe)-0.5/PMS and Mn-MIL-53(Fe)-0.3/PMS systems, respectively.
In addition, the degradation efficiency decreased to 76.6% in Mn-
MIL-53(Fe)-3/PMS system and 83.5% in Mn-MIL-53(Fe)-2/PMS sys-
tem. Moreover, the degradation efficiency of TC in the control
experiment with only PMS was 26.1%. Correspondingly, Fig. 5b
showed that kobs of TC removal increased from 0.0042 min�1 (only
PMS) to 0.0428 min�1 (Mn-MIL-53(Fe)-0.3). And the kobs of MIL-53
(Fe), Mn-MIL-53(Fe)-3, Mn-MIL-53(Fe)-2, Mn-MIL-53(Fe)-1 and
Mn-MIL-53(Fe)-0.5 was calculated as 0.0128, 0.0265, 0.0308,
0.0331 and 0.0381 min�1, respectively. Therefore, the following
studies were conducted by Mn-MIL-53(Fe)-0.3 to better elucidate
the catalytic performance of Mn-MIL-53(Fe)/PMS systems.

3.3. Effect of PMS dosage and catalyst dosage

The effect of PMS dosage and catalyst dosage was investigated.
Fig. 3(a-b) demonstrated that the removal efficiency of TC and kobs
improved continuously with the increasing concentrations of PMS
from 0.1 g L�1 to 0.3 g L�1. This might be due to the fact that an
increase concentration of PMS caused the catalysts to generate
more free radicals [41]. However, the removal efficiency of TC
decreased to 89.1% when PMS concentrations increased to 0.4 g
L�1. This phenomenon might be attributed to that the excessive
PMS could quench free radicals [42]. Therefore, the following cat-
alytic experiments were carried out under the condition of the
PMS concentration at 0.3 g L�1.

As shown in Fig. 6(c-d), the catalytic performance was obvi-
ously improved by increasing the concentration of catalyst from
0.05 g L�1 to 0.4 g L�1. The reaction constant kobs increased from
0.0187 min�1 to 0.0464 min�1. Actually, a higher catalyst concen-
tration could provide more active sites, which is conducive for the
activation of PMS and promoted the degradation efficiency of TC.
However, the TC removal curves showed that when the catalyst
concentration increased from 0.2 g L�1 to 0.4 g L�1, the degradation
efficiency of TC was improved slightly. Based on the above exper-
imental results, a catalyst dosage of 0.2 g L�1 was determined for
the further experimental.

3.4. Effect of experimental conditions on catalytic activity of materials

The removal efficiency of TC by Mn-MIL-53(Fe)-0.3/PMS system
was evaluated at different temperatures. As displayed in Fig. S1a,
93.2% removal efficiency of TC was attained at 25 �C in Mn-MIL-
53(Fe)-0.3/PMS system. With the temperature increased to 35 �C,
45 �C and 55 �C, the degradation efficiency of TC reached to
94.3%, 95.1% and 96.2%, respectively. And Fig. S1b showed that
with the solution temperature increased, the kinetics constant
(kobs, min�1) gradually increased. This might be attributed to that
the increased temperature was conducive to the thermal activation



Fig. 1. The SEM images of MIL-53(Fe) (a) and Mn-MIL-53(Fe)-0.3 (b).

Fig. 2. The FTIR spectroscopy of the samples.

Fig. 3. The XRD patterns of the samples.

Fig. 4. N2 adsorption-desorption isotherms and pore size distributions images
(inserted) of MIL-53(Fe) and Mn-MIL-53(Fe)-0.3.

Table 1
Surface area, pore size and pore volume parameters of MIL-53(Fe) and Mn-MIL-53-
(Fe).

Samples Surface areaa (m2

g�1)
Pore sizeb

(nm)
Pore volumec (cm3

g�1)

MIL-53(Fe) 231.63 2.717 0.135
Mn-MIL-53(Fe)-

0.3
405.95 2.265 0.213

a Measured using N2 adsorption with the Brunauer-Emmett-Teller (BET) method.
b Pore size in diameter calculated by the desorption data using Barrett-Joyner-

Halenda (BJH) method.
c Total pore volume determined at P/P0 = 0.99.
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of PMS, which generated more active radicals to degrade TC [43].
Therefore, the increasing temperature was beneficial to the cat-
alytic degradation of TC. What’s more, the reaction activation
energy (Ea) could be obtained from Eq. (3).

lnkobs ¼ lnA� Ea=RT ð3Þ
In Eq. (3), kobs (min�1) is the overall pseudo-first-order rate con-
stant which could be calculated by equation (S1) in the Supporting
Information, A is constant, R (8.314 J mol�1 K�1) is the gas constant,
Ea (KJ mol�1) is the reaction activation energy and T (K) is thermo-
dynamic temperature.

The thermodynamic fitting curve can be seen in Fig. S2. Accord-
ing to the slope of the fitting curve, the value of Ea was calculated
as 4.629 kJ mol�1, which indicated that the TC removal in Mn-MIL-
53(Fe)/PMS system was an endothermic reaction.

The catalytic performance of Mn-MIL-53(Fe) under the condi-
tion of different initial pH values were evaluated. The results indi-
cated that when the initial pH values varied from 2.0 to 12.0, the
removal efficiency of TC increased continuously. As Fig. 7 showed,
the degradation efficiency of TC with pH of 4.0–12.0 was up to
more than 84% within 60 min, while only 70% of TC was degraded



Fig. 5. The degradation efficiency (a) and kinetics constant (b) of TC in the Mn-MIL-53(Fe)/PMS system. Experimental conditions: catalyst dosage = 0.2 g L�1; initial TC
concentration = 30 mg L�1; PMS concentration = 0.3 g L�1.

Fig. 6. Effects for the catalytic degradation of TC by Mn-MIL-53(Fe)/PMS system: (a, b) effect of oxidant dosage and kinetics constant; (c, d) effect of catalysts dosage and
kinetics constant. Experimental conditions: catalyst dosage = 0.2 g L�1 (0.05, 0.1, 0.2, 0.3, 0.4 g L�1 in Fig. 6c); initial TC concentration = 30 mg L�1; PMS concentration = 0.3 g
L�1 (0.1, 0.2, 0.3, 0.4, g L�1 in Fig. 6a).
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in extremely acidity condition of pH = 2.0. As the initial pH values
increased from 2.0 to 12.0, the removal efficiency of TC increased
obviously. The results illustrated that Mn-MIL-53(Fe)/PMS system
with initial pH values between 4.0 and 12.0 was more beneficial to
the degrade of TC compared with pH = 2.0. This phenomenon could
be attributed that HSO5

� was vulnerable by catalytic attack under
alkaline conditions [44]. In addition, the lowest removal efficiency
of TC at pH = 2.0 might due to there was a passivation phenomenon
occur on Mn-MIL-53(Fe)-0.3 under extremely acidity condition
[45].

Inorganic ions and humic acids were abundant in natural
waters, it is important to explore their effects on TC removal in



Fig. 7. The effect of initial pH on TC degradation efficiency. Experimental
conditions: catalyst dosage = 0.2 g L�1; initial TC concentration = 30 mg L�1; PMS
concentration = 0.3 g L�1.

Table 2
The quality parameters of tap water, river water and medical wastewater.

Water type pH COD (mg L�1) TOC (mg L�1)

Tap water 7.54 1.832 0.625
River water 7.62 48.73 21.39
Medical water 6.65 25,300 5149.38

Fig. 8. Removal efficiency of TC by Mn-MIL-53(Fe)-0.3 in real samples. Experimen-
tal conditions: catalyst dosage = 0.2 g L�1; initial TC concentration = 30 mg L�1; PMS
concentration = 0.3 g L�1.
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Mn-MIL-53(Fe)/PMS systems. Thus, the effects of the concentration
of coexisting anions (Cl�, CO2�

3 and SO2�
4 ) and HA on the removal

efficiency of TC in the Mn-MIL-53(Fe)/PMS system were investi-
gated. As shown in Fig. S3a, the TC degradation efficiency
decreased from 93.2% to 82.8% due to the increased of the concen-
tration of Cl�. This phenomenon might be due to that Cl� could
react with SO��

4 and HO�, which caused the concentration of free
radicals involved in TC degradation decreased [46]. And Fig. S3b
indicated that the presence of CO2�

3 resulting in the decrease of

the TC removal efficiency. It might be attributed to that CO2�
3 could

reacted with free radicals to produce SO��
3 with weaker activity

[47]. In addition, the SO��
3 might directly react with HSO�

5 to gener-

ated HCO�
4 [48,49]. Fig. S3c showed that the SO2�

4 in solution had
slightly effect on the removal of TC. Moreover, Fig. S3d suggested
that the addition of HA in solution could inhibited the degradation
efficiency of TC in the Mn-MIL-53(Fe)/PMS systems. With the
increased of HA concentrations, the degradation efficiency of TC
decreased from 88.9% to 86.1%. The reason for this phenomenon
might be that the HA molecules could react with free radicals,
forming a competitive relationship with the TC molecules in solu-
tion. Additionally, the HA molecules might interact with the cata-
lyst through p-p interactions, resulting in a decrease of active sites
[50,51]. Overall, the effects of inorganic ions and HA on materials
activation of PMS for TC degradation should be considered
adequately.

To test the practicability of the Mn-MIL-53(Fe)/PMS systems,
the degradation efficiency of TC in tap water, river water and med-
ical water (water related parameters were given in Table 2) was
further evaluated in Fig. 8. The Mn-MIL-53(Fe)/PMS systems had
the highest TC removal efficiency in ultrapure water. The degrada-
tion efficiency of TC in tap water and river water were 82.1% and
84.4%, respectively. However, the efficiency of removing TC from
medical water was lowest, only 74%. This phenomenon might be
caused by the presence of organic compounds or pollutants in
actual water could react with active radicals, which slightly limit-
ing the degradation of TC in solution. Overall, Mn-MIL-53(Fe)/PMS
systems had good TC removal efficiency in actual water [52].
3.5. Mechanism discussion

The XPS analysis was performed to characterized the samples of
MIL-53(Fe) and Mn-MIL-53(Fe)-0.3 before and after reaction. As
displayed in Fig. 9a, the XPS survey spectrum of MIL-53(Fe) con-
tains Fe, C and O, and the XPS survey spectrum of Mn-MIL-53
(Fe)-0.3 indicated the existence of Mn, Fe, C and O. It could be seen
from the Fe2p spectrum of the Mn-MIL-53(Fe)-0.3 (Fig. 9b), the
binding energy at 710.35 eV correspond to the Fe(II) and the bind-
ing energy at 715.19 eV ascribed to satellite peak [53]. In addition,
the relative content of Fe(II) before reaction was 35.61% and
increased to 48.31% after reaction. This indicated that Fe(II) and
Fe(III) in the catalysts were involved in the catalytic reaction. The
XPS spectrum of Mn2p was showed in Fig. 9c, the Mn2p3/2 peak
could be divided into three peaks at 639.9 eV, 641.1 eV and
645.2 eV, which matched with Mn(II), Mn(III) and the satellite
peak, respectively [54]. More importantly, the relative content of
Mn(II) before reaction was 13.12% and increased to 29.54% after
reaction. It can also be seen that the relative contents of Mn(III)
were 42.29% before reaction and changed to 27.63% after reaction.
It indicated that the valence state of Mn changes obviously in the
catalytic process.

It is well known that the radicals generated by the catalyst acti-
vation of PMS were SO��

4 and HO� [55]. The radical scavenging
experiments were carried out to confirm the main active radicals
involving in the catalytic reactions. The radicals in the Mn-MIL-
53(Fe)/PMS systems were trapped by Methanol (MeOH) and tert-
butanol (TBA). MeOH is the scavenger for both SO��

4 and HO� rad-
icals, while TBA is the scavenger for HO� rather than SO��

4 [56]. The
results shown in Fig. 10a illustrated that both TBA and MeOH could
inhibited the TC degradation but the magnitude of the effect was
varied. The trapping agent of TBA reduced the removal efficiency
of TC slightly, from 93.2% to 86.7%, while after the addition of
MeOH, the removal efficiency decreased to 70.6%. This phe-
nomenon suggested that MeOH had a strong inhibitory effect on
the reaction, which also indicated that both SO��

4 and HO� were
involved in the reaction, and SO��

4 was more dominant compared
with HO�. The types and intensities of radicals produced at differ-
ent time in the Mn-MIL-53(Fe)/PMS system were determined by
EPR characterization. And the results displayed in Fig. 10b, it was



Fig. 9. The XPS spectrum of MIL-53(Fe) and Mn-MIL-53(Fe)-0.3 before and after reaction (a), Fe2p XPS spectra (b) and Mn2p XPS spectra (c) of Mn-MIL-53(Fe)-0.3 before and
after reaction. Experimental conditions: catalyst dosage = 0.2 g L�1; initial TC concentration = 30 mg L�1; PMS concentration = 0.3 g L�1.

Fig. 10. Effect of different radical quenchers on TC degradation in Mn-MIL-53(Fe)/PMS system (a) and EPR spectra obtained by using DMPO as spin-trapping agent (b).
Experimental conditions: catalyst dosage = 0.2 g L�1; initial TC concentration = 30 mg L�1; PMS concentration = 0.3 g L�1.
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obviously that the characteristic signals of DMPO-OH and DMPO-
SO4 could be detected, which could verify the results of the radical
scavenging experiment. In addition, the intensity of the two char-
acteristic signals enhanced when the time increased from 1 min to
10 min, indicating that Mn-MIL-53(Fe) activated PMS to generated
more SO��

4 and HO� involved in the catalytic reaction. Therefore,
both SO��

4 and HO� played a leading role in the Mn-MIL-53(Fe)/
PMS system towards the TC degradation.

According to the previous BET analysis, Mn-MIL-53-(Fe)-0.3 had
a larger specific surface area (405.95 m2 g�1), which was conducive
to adsorb TC molecules for contact with the active site. Besides, a
larger specific surface area could provide more active sites for
the activation of PMS, thus improving its catalytic performance
[57]. FTIR spectroscopy showed that the strong and wild peak at
3467 cm�1 was caused by the stretching vibration of water-
bonded OAH. Moreover, the adsorption peak occurred at
538 cm�1, which was caused by the stretching vibration of Fe-O
and Mn-O. This indicated that there might be a hydroxylation reac-
tion during surface activation [58]. Base on the above analysis
results, the possible mechanism of Mn-MIL-53(Fe) activating PMS
to generate radicals was described as follows. At first, the sites of
Fe(II) and Mn(II) on the catalysts generated SO��

4 and HO� by pro-
viding electrons to activated PMS, Fe(II) and Mn(II) also transform
into Mn(III) and Fe(III) after losing electrons (Eqs. (4–7)). Subse-
quently, the Mn(III) and Fe(III) sites obtaining electrons to acti-
vated PMS, the SO��

4 radicals and the sites of Mn(II) and Fe(II)
were generated, which forming a cycle of Mn and Fe (Eqs. (8)–
(10)) [59–61]. Finally, the generated SO��

4 and HO� radicals could
be applied to degrade TC molecules efficiently. The catalytic perfor-
mance of Mn-MIL-53(Fe) was superior to MIL-53(Fe), which might
be due to the synergistic effect could occurred between Mn and Fe
[62]. Furthermore, the rate of electron transfer could be enhanced
due to the redox reaction occurred between Mn and Fe, which
improved the activity of SO��

4 and HO� produced by PMS, and both
improved the degradation efficiency and reusability of catalysts.
The possible mechanism was showed in Fig. 11.

� Mn IIð Þ þHSO�
5 !� Mn IIIð Þ þ SO2�

4 þHO� ð4Þ

� Fe IIð Þ þHSO�
5 !� Fe IIIð Þ þ SO2�

4 þHO� ð5Þ

� Mn IIð Þ þHSO�
5 !� Mn IIIð Þ þ SO��

4 þHO� ð6Þ

� Fe IIð Þ þHSO�
5 !� Fe IIIð Þ þ SO��

4 þHO� ð7Þ

� Mn IIIð Þ þHSO�
5 !� Mn IIð Þ þ SO��

5 þHþ ð8Þ

� Fe IIIð Þ þHSO�
5 !� Fe IIð Þ þ SO��

5 þHþ ð9Þ

� Mn IIIð Þþ � Fe IIð Þ !� Mn IIð Þþ � Fe IIIð Þ ð10Þ
3.6. Degradation pathways

The TC degradation intermediates were measured by LC-MS
techniques and the mass spectrometry was used to speculated



Fig. 11. Possible reaction mechanism of TC degradation by Mn-MIL-53(Fe)/PMS system.

Fig. 12. LC-MS analysis of TC intermediates in the degradation reaction with Mn-MIL-53(Fe) (a–b); LC-MS analysis of TC before and after TC degradation (c); the proposed
transformation pathways of TC degradation (d).
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the possible structures of the intermediates. The detected interme-
diates and their possible molecular structures contained P1(m/
z = 437), P2(m/z = 409), P3(m/z = 393), P4(m/z = 387), P5(m/
z = 365), P6(m/z = 349), P7(m/z = 329), P8(m/z = 305), P9(m/
z = 274), P10(m/z = 261) and P11(m/z = 225), were shown in
Fig. 12a and Fig. 12b. In addition, Fig. 12c showed that the concen-
tration of TC before and after the reaction had a great change and
decreased a lot. According to the identification of the intermediate,
the potential degradation pathway of TC was analyzed. As pre-
sented in Fig. 12d, the TC degradation pathways including hydrox-
ylation, dealkylation, and dehydration. Briefly, the TC molecular
with m/z = 445 was firstly reacted with SO��

4 and HO� to generated
its dealkylation product (m/z = 437) and dehydration product (m/
z = 409). After that, it was transformed into low molecular weight
products through a series of reactions and finally oxidized into CO2

and H2O [63,64]. Besides, according to the results of total organic
carbon (TOC) analyzer, the removal efficiency of TC by Mn-MIL-
53(Fe)/PMS system was 50.6%.

3.7. Reusability of Mn-MIL-53(Fe) catalyst and stability tests

A catalyst with good performance should be recyclable, so it is
important to separate the used catalyst from the bulk solution. In
this experiment, the catalysts were washed several times by etha-
nol after centrifugation, and then the cycle experiment was carried
out after drying. Based on this, the reusability of the Mn-MIL-53
(Fe)/PMS was showed in Fig. S4. Obviously, the TC degradation effi-
ciency in the Mn-MIL-53(Fe)/PMS systems decreased from 93.2% to
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82.6% and 80.6% after third and fourth cycles. Thus, the Mn-MIL-53
(Fe)/PMS system still had good reusability after several cycle tests.
Furthermore, the leaching experiments of Mn and Fe during the
reaction process were measured by ICP-MS to evaluate the stability
of MIL-53(Fe)/PMS system. As showed in Fig. S5, the maximum
leaching concentration of Mn and Fe during the reaction process
were 0.66 mg L�1 and 0.37 mg L�1, respectively. This leaching con-
centration of Mn and Fe were not sufficient to activate PMS, which
indicated that MIL-53(Fe) activates PMS was a heterogeneous pro-
cess [49]. And the leaching concentration of Mn and Fe were low,
indicating that the MIL-53(Fe)/PMS system was stable.
4. Conclusion

In summary, the Mn-doped MIL-53(Fe) catalysts were synthe-
sized via a facile solvothermal process and exhibited excellent
PMS activation performance to eliminate TC from aqueous solu-
tions. The removal efficiency of TC was achieved 93.2% within
60 min in the Mn-MIL-53(Fe)-0.3/PMS system, and the observed
kobs was 0.0428 min�1, which was 3.34 times than that of the pris-
tine MIL-53(Fe). The change of TC degradation efficiency at differ-
ent temperatures indicated that the TC degradation is an
endothermic process. In addition, the degradation of TC in Mn-
MIL-53(Fe)/PMS systems were obviously affected under different
conditions of initial pH, co-existing ions and humic acid. More
importantly, the main reactive radicals in TC degradation process
were SO��

4 and HO� free radicals, which was confirmed by the
experiments of radical scavengers and EPR. Furthermore, the XPS
characterization results explained that the active radicals of SO��

4

and HO� were generated by the Fe(II) and Mn(II) active sites on
the catalyst surface. Besides, the TC degradation intermediates
were obtained by LC-MS and possible degradation pathways were
proposed including hydroxylation, dealkylation, and dehydration
process. Moreover, the catalysts also showed good performance
in actual water treatment and had good recoverability. Therefore,
this study provided a feasible method for the preparation of
MOFs-based catalysts to eliminate the antibiotic pollutants in
wastewater.
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