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Abstract: Perovskite is of burgeoning interest in catalysis, principally due to such material having
high thermal stability, modifiable variability, ferromagnetism, and excellent catalytic performance in
peroxomonosulfate (PMS) activation. In this study, the SrCo,Mn;_, O3 perovskites with different
Mn doping were synthesized by a facile sol-gel method for peroxymonosulfate (PMS) activation to
degrade Rhodamine B. The obtained SrCog sMng 503 perovskite exhibited the best catalytic efficiency,
as Rhodamine B (40 mg/L) was removed completely within 30 min. In the system of SrCop sMng 503—
PMS, several reactive species were produced, among which sulfate radicals and the singlet oxygen
mainly contributed to Rhodamine B degradation. The relatively high catalytic performance could
be attributed to the coupled redox cycle between Mn and Co, and the abundant oxygen vacancies.
Moreover, the SrCo( 5sMng 503 catalyst showed excellent stability and reusability, maintaining a high
catalytic activity after several cycling tests. This study demonstrated that the Mn doping of SrCoO3
could not only enhance the B-site activation in SrCog 5sMn 503 but also enrich the oxygen vacancies,
thus improving the efficiency of PMS activation.

Keywords: PMS; perovskite; degradation of RhB; oxygen vacancy; wastewater treatment

1. Introduction

Organically synthetic dyes have been used widely in people’s daily lives with the
increase of industrialization, along with the increased demand for products related to fiber-
material products, printing, papermaking, medicine, and information materials industries.
Dyes are also used to make dye-sensitized solar cells with potentially high photoelectric
conversion efficiency to promote a greener energy transition [1,2]. It is noted that these
highly stable industries are, by nature, usually toxic and carcinogenic, which poses a great
threat to the environment and human health [3-5]. As a representative contaminant, Rho-
damine B (RhB) (CpsH31CIN,O3) has a high water solubility and carcinogenicity hazard [6].
To treat such contaminants, advanced oxidation processes (AOPs) have been investigated
widely as an effective approach due to their excellent oxidation performance [7-9].

Compared with the traditional AOPs, sulfate radical-based AOPs (SR-AOPs) have
gradually become promising technologies in water treatment due to their strong oxidation
ability in a wide pH range [10-13]. Typically speaking, sulfate radicals (SO} ) generated in
the activation of PMS have a higher standard reduction potential (Ey = 2.5-3.1 V) [14,15]
and better selectivity for most refractory organic pollutants [16,17]. Though homogeneous
catalysts performed excellent PMS activation, the transition metal ions are a serious threat
to the ecosystem and a risk of secondary pollution [18]. Hence, the activation of PMS
by catalysts was considered a feasible method for the degradation of contaminants due
to its economical, reusability, and operational simplicity [19,20]. In addition, it avoided
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the secondary pollution caused by toxic metal ions to a certain extent. Among these, the
perovskite catalysts/PMS system has drawn great attention due to its feasibility to be
separated from the water originating from its ferromagnetism, and modifiable variability
by its abundant structure modification possibility [21-23].

Perovskite has a typical structure of ABOj3, and various elements with potent redox
properties could be chosen to reside in A or B sites [24], thus providing the feasibility
to moditfy its catalytic property [25]. For simple ABOj3; perovskite, it was reported that
SrCoO3 and LaCoO3 perovskite exhibited a higher activity under the PMS activation for
phenol degradation [26]. Meanwhile, common transition elements such as Co, Mn, and
Fe constructed as a B site show high efficiencies towards SR-AOPs [27-29]. Co-based
perovskites are investigated as a PMS activator with widespread attribution of the redox
compatibility and impressive PMS activation by Co species [23,30]. Mn-based perovskites
usually show unique performance on PMS activation due to the high surface area, the
multivalence nature of Mn ions, and the oxygen defects [31,32].

To further improve the perovskite performance, a third metal cation can be doped
in the B site to control the oxidation states of the original element and obtain more oxy-
gen vacancies [33-35]. For example, the bimetallic synergistic doping of Co and Fe in
LaCop5Fep 503 exhibited an impressive removal efficiency of bisphenol A(BPA) [29]. The
Cu-substituted LaFeOj; perovskite not only created a metal redox cycle between Fe®* and
Cu™ but also increased the amount of the surface hydroxyl groups [36]. The reactive oxygen
species in layered perovskite LaSrCog.gFey.gO4 facilitates the formation of nonfree radical
singlet oxygen, which shows exceptionally efficient PMS activation [37]. Therefore, to en-
hance the PMS activation, based on achieving more oxygen vacancies and accelerating the
redox cycling of the transition metals, we tried to synthesize the SrCoyMn; _,O3 perovskites
and explore the effect of Mn on the B site.

In this paper, SrCoyMn;_,O3 perovskite was synthesized by the facile sol-gel method.
RhB was selected as the target pollutant to examine the activation of PMS under the
affection of the catalyst. The reaction conditions such as PMS concentration, catalyst
dosage, pH, reusability, and stability were also explored. Furthermore, the mechanism
of the interaction between the singlet oxygen and the persulfate radical was confirmed
in SrCog 5Mn 503-PMS system by EPR and quenching experiments. The SrCop5Mng 503
perovskite was found to have more oxygen vacancies and show superior catalyst activation
and stability with the doping of Mn in this study. The SrCog 5Mng 503-PMS system would
be a promising candidate to degrade RhB in wastewater treatment.

2. Experiment
2.1. Materials

All reagents in the experiment were of analytical grade. Strontium nitrate, tert-butanol,
and citric acid monohydrate were from Xi Long Scientific(Beijing, China). Cobalt nitrate
hexahydrate (Co(NO3),-6H;,0), and 50% manganese nitrate solution (Mn(NOs);-50 wt%) were
from Tianjin Da Mao Chemical Reagent Factory(Tianjin, China). PMS (2KHSOs5-KHSO4-K;SOy),
p-benzoquinone, L-histidine, and sodium thiosulfate were from Macklin(Shanghai, China).
The Rhodamine B was from Tianjin Fuchen Chemical Reagent Factory(Tianjin, China). The
solution pH was adjusted by a 0.1 M H,SO4 or NaOH solution. Deionized water was used
throughout the work.

2.2. Preparation of Catalysts

SrCoyMn;_,O3 perovskites were synthesized via the sol-gel method using citric acid
as an organic complexing agent. For a typical synthesis of SrCoQj, citric acid, strontium
nitrate, and cobalt nitrate hexahydrate were poured into the beaker sequentially and stirred
vigorously (450 rpm), then continuously heated to 90 °C until the total evaporation of the
solvent. The resulting powder was dried at 110 °C overnight and calcined at 900 °C for 5 h
with a heating rate of 2 °C min~!. For the SrCo,Mn;_,O3 perovskites, manganese nitrate
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as another B-site component was added to the mixed solution as a certain molar ratio (x = 0,
0.3,0.5,0.6,0.7,0.8, 0.9, and 1.0, respectively).

2.3. Characterization of Catalysts

X-ray diffraction (XRD) patterns of all perovskite catalysts were characterized by the
X-ray diffractometer (Smart Lab, Rigaku, Japan) with Cu K« line as the source (60 kV,
150 mA) and the scanning range (26) was from 10° to 90°. The elemental compositions of
the samples were analyzed by X-ray fluorescence spectroscopy (ZSX PrimuslV). Scanning
electron microscopy (SEM) was applied to observe the morphology and structure of the
perovskites by Gemini SEM 300 (ZEISS, Germany). Energy dispersive spectroscopic (EDS)
mapping was also applied to verify the uniformity of the element. To analyze the specific
surface areas and the pore-size distributions, nitrogen physisorption was performed on
a Micromeritics ASAP 2460 analyzer. The leaching volume of catalysts was determined
by ICPE-9820 (Shimadzu, Japan). The concentration of RhB was all obtained by UV-Vis-
2600i. The oxygen defect was determined by electron paramagnetic resonance (EPR) at
9.853 GHz by EMXPlus. For O,-TPD (temperature programmed desorption) (AMI-300IR),
the perovskites were treated at 500 °C for 1 h in an oxygen atmosphere. Then, the cooled
perovskites purged by argon were heated to 900 °C under a constant argon flow, with a
flow rate of 30 mL/min and a heating rate of 10 °C min~!. To confirm the synthesis of the
perovskites, the FT-IR was measured by Thermo Fisher Nicolet Is5 in a wave number from
400-2000 cm™~!. X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI) was
applied to obtain the chemical valence of fresh and used catalysts. All the binding energies
were calibrated with C 1 s peak at 284.8 eV. Radicals in the system were identified by the
EPR test (Bruker EMXplus) with the DMPO and TEMP as the spin-trapping agents.

2.4. Catalytic Activity Measurements

In the typical experiment, Rhodamine B (RhB) was selected as a target pollutant to
evaluate the catalyst activity. The concentration of RhB was tested by a UV-Vis spectropho-
tometer based on the Lambert-Beer law. Experiments were carried out in a 300 mL beaker
with 250 mL 40 mg/L RhB solution with continuous stirring at 300 rpm in the magnetic
stirrer. The specific number of SrCoyMn;_,Oj3 catalysts was added into the breaker and
stirred for 30 min to reach adsorption equilibrium. When the concentration of RhB reached
equilibrium, certain amounts of PMS were added to the solution. The initial pH (3-9)
was adjusted by a 0.1 M HpSO4 or 0.1 M NaOH solution and the temperature was held at
25 °C. At the specified time point, about 2.5 mL of the reaction solutions were withdrawn
through a 0.22 pm membrane filter and quenched immediately with 40 uL 0.1 M NaS,03
solution. The collected perovskites were analyzed by the UV-VIS-2600i (Shimadzu Japan)
to obtain the removal efficiency of the RhB. Different dosages of catalysts and PMS were
studied to obtain the optimal reaction conditions. The recycling experiments were also
performed to investigate the reusability and stability of the catalyst. The used perovskite
catalyst was washed with deionized water and ethanol three times in sequence and dried
overnight at 80 °C in the oven. And the leaching of Co and Mn cations was measured by
ICP spectrometry. To confirm the dominant reactive radicals in the SrCoysMng 503-PMS
system, tert-butanol, p-benzoquinone, methanol, and L-histidine were used as quenching
agents for the different active radicals respectively.

3. Results and Discussion
3.1. Characterization of Catalysts

The actual substitution of Mn was analyzed by XRF and listed in Table 1. For the
SrCoxMn;_,O3 perovskites, the actual metal content was consistent with the named
content. To analyze the crystal structure of the perovskites, an XRD analysis was con-
ducted, as shown in Figure 1a. According to the X-ray powder diffraction patterns of the
SrCoxMn; _,O3 perovskites, the SrCoOj3 perovskite phase (JCPDS number 49-0692) and the
SrMnQOj; (JCPDS number 24-1213) were observed [38]. From Figure 1b, the shift of diffrac-
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tion peaks to a lower angle suggests the dope of Mn inside SrCoO,, which enlarges the
unit cell parameters due to its larger ionic radius (Mn3*: 0.66 A, Co®*: 0.63A). It indirectly
proved that manganese was doped into the perovskite lattice. From Table S1, the lattice
parameters decreased with the Mn doping, which may be caused by the formation of anion
defects [39]. It is worth highlighting that when the Co:Mn ratio decreased to 3:7, it had
an obvious superposition of the diffraction peaks of SrCoO3; and SrtMnO3. Meanwhile,
the characteristic of SrMnO3 was weaker than SrCoOj3, which may be explained by the
following two aspects: better affinity for the forming perovskite phase and the Mn phase
hinders the decomposition of carbonate [40,41]. These results implied that Mn can be doped
into the SrCoOj3 perovskite partially and eventually become a mixture with the increase
of Mn. Additionally, the detailed SrCoyMn;_,O3 perovskites were characterized by XRD
(Figure S1).

Table 1. The actual composition of SrCo,Mn;_, O3 perovskites.

Metal Content (Atomic)
Perovskites
Co Mn
SI‘COO.7MHO'303 0.71 0.29
SI‘COO.5MI10_503 0.52 0.48
SI‘COO.3M1‘10_703 0.33 0.67
(a) | vSrCo0; oSrMnO; (b)
v
v
v J I ; vy SrCo03 SrCo03
:: " l N SrCag_7Mng 303 : JL $rCog 7Mng 303
é N l N SrCoq sMng 503 5 SrCoq,sMng 503
= =
A R $rCog,3Mng 703 M SrCog_3Mng 70,
[ . SrMnO3 SrMnO3
10 zlo 3IU 4Iu slo olo 7IU 30 3l 34 35

2Theta (degree)

2Theta (degree)

Figure 1. (a) XRD patterns of the SrCoyMn;_,O3 perovskites. (b) A comparison with the pattern of
the SrCoxMn;_,O3 perovskites.

As in Table 2, the specific surface area of SrCoO3; was small, which is a typical property
for perovskite materials [42,43], which may be attributed to the high synthesis temperature.
With the addition of Mn, though the specific surface area of SrCoyMn;_,O3 increased
from 0.63 m?/g to 4.21 m? /g, all perovskites demonstrated a small surface area, which
presumed the key factors of the difference regarding their catalytic activity was not the
surface area. Details of the surface texture of the catalysts are listed in Table S1 and the
typical nitrogen adsorption-desorption isotherm is shown in Figure 52, where it can be seen
that the SrCoyMn;_,O3 perovskites did not change much in pore volume and pore size.

Table 2. BET surface area, total pore volume, and average pore diameter of the SrCo,Mn;_,O3

perovskites.
Perovskites SSR (m?/g)  Pore Volume (cm3/g) Average Pore Size (nm)
S5rCo0O3 0.63 0.002 12.2
SI‘CO().7MI‘10_303 3.05 0.011 139
SI‘COQ_5M1’10'503 3.33 0.009 11.9
SrCop3Mng O3 4.21 0.016 17.2
SrMnO; 411 0.016 17.2
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The particulate morphology of SrCoyMn;_,O3 was examined by SEM. From Figure 2,
it can be found that when compared with the Mn-replaced SrCoyMn;_,O3 perovskites, the
SrCoOj3 perovskites have more severe particle aggregation. EDS element mappings clearly
showed a uniform distribution of Sr, Mn, Co, and O on the SrCoq5Mng 503 (Figure 2g).
Moreover, the EDS results obtained from a microzone (Figure S3) are consistent with those
obtained by XRF to further prove the uniform distribution at a microscale.

2.5pm 3 2:5(m

Figure 2. The 1pm and 5um SEM images of SrCoyMn;_,Os. (a,d) SrCoOj3, (b,e) SrCop5Mng 503,
(c,f) STMnOs perovskites; (g) EDS spectra of SrCog 5Mng 503.

3.2. Active Oxygen Species Analysis

Catalyst-assisted SR-AOPs are related to the activation ability of oxygen-related in-
termediates in reaction. O,-TPD experiments were applied to study the oxygen species in
different Mn-substituted perovskites. As depicted in Figure 3a, the characteristic peaks of
oxygen that evolved from the SrCoxMn;_, O3 perovskites mainly appeared at high temper-
atures (>800 °C), which resulted from the lattice oxygen species [44]. There are no obvious
signal peaks of surface weakly adsorbed oxygen from 200 to 500 °C, which corresponded to
the very-low specific surface area [45,46]. With the increase of Mn-substitution, the amount
of oxygen released from the lattice oxygen gradually increased [47]. As a whole, there was
no obvious difference in lattice oxygen among the perovskites.



Processes 2023, 11, 1279

60of 17

(a) SrCo03 (b} | Oxvgen Vacancies SrCa0y
= S8rCop 7Mny 303 Srvin0y
e Sr oy Mg 503 939 —rCon =Munp <O
——5rlap 3Mny 703 I 057053
Srivin(
- rMn(l3 - ...l'g=2.ﬂ[]
= =
= 827 P
g 869 5
JL
854
—h __.-/-\_
1 1 L 1 L 1 L 1 L 1 L
200 400 GO0 00 1000 3504 3512 35241 3528
. (0 .
Temperature (°C) Magnetic ficld (T)

Figure 3. (a) O,-TPD of SrCoyMnj.,O3 perovskites. (b) EPR spectra of SrCo,Mn;_,O3 perovskites.

In addition to the existing oxygen species, metal oxides usually consisted of active
oxygen vacancies, which could promote the activation of oxygen-related precursors. Per-
ovskites are typically active in redox reactions partially due to their abundant oxygen
vacancies, especially when rationally doped. Oxygen vacancy was characterized by the
EPR technique to investigate the variation caused by the dope of Mn. As shown in Figure 3b,
the centrally symmetrical signals at the g factor of 2.00 were ascribed to the oxygen vacan-
cies. The strongest signal from SrCog5sMn 503 perovskite illustrated that the substitution
of Mn led to more oxygen vacancies. The result was attributed to the Mn doping leads
distortion in the Co-O octahedra and weaker metal-oxygen bonds, which reduced the
formation of oxygen vacancies [40]. In comparison, SrCoO3 and SrMnQOj3 all showed a
lesser amount of oxygen vacancies, which proved the promotion effect of oxygen vacancy
generation by Mn doping.

3.3. The Catalytic Activity of Catalysts

As a typical dye contaminant in wastewater, RhB was selected to evaluate the catalytic
performance of perovskites for the activation of PMS. From Figure S5, sole PMS could
oxidize only 10% of RhB, and the absorption capability of SrCoOs (without PMS) for RhB
was limited (only 10%) in 30 min, meaning the sole PMS or perovskite catalyst could only
contribute in a limited way to the removal of RhB. When PMS was added simultaneously
with SrCo,Mnj_,03, the concentration of RhB was reduced to close to zero within 25 min
(Figure 4a), which showed that all SrCo,yMn;_,O3 perovskites had high efficiency for
PMS activation.

The catalytic degradation activity of RhB using different SrCoyMn;_,O3 (x from zero
to one) activating PMS is shown in Figure 4a. Compared to the pure perovskites with
only Mn or Co cations, it can be seen that the B site doped perovskites showed much
higher catalytic performance. From Table 3, the degradation kinetics of RhB in different
perovskites/PMS was shown by applying the first-order kinetics, which were as below:

—In(C;/Cq) =kt
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Figure 4. (a) Degradation efficiency of RhB in the presence of SrCoyMn;_,O3 perovskites. Reaction
conditions: PMS:0.06mM, catalysts:0.06g L~!, 298 K, pH = 7. (b) Degradation efficiency of RhB in the
presence of StCoyMn;_, O3 perovskites. (c) Leaching concentration of Co and Mn of SrCo,Mn;_,O3
perovskites. (d) The degradation efficiency of RhB in the Co**~PMS system.

Table 3. Summary of different catalysts—PMS systems for removing RhB.

Conditions Main Acti Ton Leachine/
. ain Active on Leaching
Catalysts PMS Catalyst Degradation . _ Ref.
-1 ys Species mgL-1
Conc/mM RhB Conc/mg L Dose/g L1 P &
Co-NC-850 0.800 80.00 0.025 20 min 100% Co 25 [48]
LMO-5bar-600 4.900 20.00 0.200 45 min 100% Mn 0.200 [49]
NiCo,04 0.500 23.95 0.200 20 min 95% Co Ni - [50]
Co/N- 1.250 9.58 0.005 10 min 100% Co 0.408 [51]
NPCy 5,900
ZnCoy0y4 0.049 10.00 0.030 30 min 100% Co 0.220 [52]
Co@DC 0.160 10.00 0.020 5 min 100% Co 0.840 [53]
Fe/Co-N/P-9 0.650 40.00 0.060 35 min 98.31% C-m, Co, Fe. - [54]
Mn-Fe-CN 0.320 25.00 0.100 12 min 100% Fe 0.600 [55]
SrCop sMn 503 0.060 40.00 0.060 15 min 100% Co Mn 0.220 V};Zi_i

The catalytic-activity kinetic constant of SrCosMng 503 (k = 0.306 min~!) was the
highest among all the catalysts, with an order of magnitude higher than the undoped
SrCoO; (k = 0.081 min~1) perovskites. Meanwhile, it can be observed that the kinetic
constant of RhB degradation on SrCog 5Mnj 503 was 3.78 and 30.6 times that of the SrCoO3
and SrtMnOs3 perovskites. Therefore, the catalytic performance of SrCog5Mn 503 should
be attributed to the doping effect of Mn, since the SrMnOj3; phase had a poor catalytic
performance even worse than its counterpart SrCoQOs.

Another factor to consider in the actual environment is the stability of the catalyst.
The dissolution of the active centers usually leads to the failure of the catalyst in routine
running. The leaching experiment was applied to monitor the stability test. As in Figure 4c,
Mn is stable for all the catalysts compared with Co, and the leaching of the cobalt cation in
SrCop 5Mn 503-PMS was only 0.22mg/L after the reaction (30 min), which was less than
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half of that in the SrCoO3-PMS system (Figure 4c). Therefore, the SrCop 5Mn 503 catalyst
exhibits good catalytic activity and stability.

To further analyze the possible function of the dissolved Co?*, an exact concentration
of Co%* (0.22 mg/L) originated from CoSO,; and Co(NO3), was investigated under the
same degradation experiment system, without adding any solid catalysts. As shown in
Figure 4d, compared to the SrCopsMng 503-PMS system, the simulated leached Co?* cases
show relatively worse reactivity, with only 85% of the RhB removed in 30 min. Taking into
account that the actual concentration of Co?* leached was much less than in the simulated
cases, it can be indicated that the heterogeneous reaction had a fundamental effect on
the system.

To further investigate the stability and reusability of the catalyst, four consecutive
degradation experiments were conducted. As displayed in Figure 5, the removal of
RhB maintained 94% at 30 min after the 4th cycle, which exhibited good reusability for
SrCop sMny 503 perovskite.

—B— |st run
100 F m ° A : —@—2nd run
\ \ \ \ —A—3rd run
H —w—4th run
075 F \
o | | s
O | | \ -\
i e i i v
i | \ | B
I S T O U
[ ] ; \ \ v
\ ° N \
\. : \.\ : N\ V\'
0.00 F ~u-a ) a
0 15 30 45 60 75 90 105 120

Time (min)

Figure 5. Reusability of SrCopsMngs0;3; for the degradation of RhB. Reaction conditions:
[RhB] = 40 mg L=, [PMS] = 0.06 mM, catalysts = 0.03 g L~!, T = 298 K.

Furthermore, to evaluate the overall performance of SrCo( sMng 503-PMS for remov-
ing RhB, a comparison of several typical catalysts for PMS activation was summarized in
Table 3. In this work, SrCop 5Mng 503 showed a very high activation ability for PMS and
catalyst stability.

3.4. Effect of Reaction Parameters on RhB Degradation

The effect of various operation factors in the SrCogsMng503—PMS system for the
removal of RhB, including PMS concentration, the dosage of SrCog5Mn( 503, and pH,
were investigated to illustrate the relationship between the operation and degradation
efficiencies.

As shown in Figure 6a, when the catalyst concentration was increased from 0.015 g/L
to 0.030 g/L, it can be observed that the removal efficiency of RhB was significantly
enhanced from 69.8% to 100.0% within 30 min. The phenomenon was likely attributed to
more active radicals generated from more SrCogsMn 503 perovskite. However, when the
catalyst concentration was increased from 0.045 g/L and 0.06 g/L, the degradation rates of
RhB maintained almost the same, since PMS might exhibit a self-quenching effect caused
by excess metal species and radicals.
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Figure 6. Effects of (a) catalyst dosage, (b) PMS concentration, and (c) pH on RhB degradation

in SrCog sMng 503 —PMS (PMS: 0.04 mM). Reaction conditions: RhB: 40 mg L~L, PMS: 0.06 mM,

SrCogs5Mng503: 0.03 g L1, unless otherwise noted. T: 298.15 K. pH: nature.

The influence of PMS concentration on the degradation efficiency of RhB was further
explored. As in Figure 6b, the general trend displayed that the PMS concentration (0.02 mM
to 0.04 mM) had a significant enhancement effect on RhB degradation. When the PMS
concentration further changed from 0.04 mM to 0.08 mM, the removal efficiency of RhB
showed only a slight ascent, from 90% to 100%, within 25 min. It can be ascribed to the self
quenching of the generated radicals with PMS [56,57] by Equations (1) and (2).

SO, "+ HSO; — HSOj; + SO5° )

‘OH+HSO; — SO; " + H,0 2)

The initial pH has played a vital role in the degradation of RhB by the SrCog sMn( 503—
PMS system, as shown in Figure 6¢c. The perovskites maintained a high catalytic perfor-
mance as the initial pH ranged from three to seven, though the removal efficiency did not
perform well at the initial pH of nine (85.6% within 30 min), which may be attributed to
the fact that the generation of SO} ~ was inhibited under alkaline conditions. As shown in
Figure 56, the pH_yc of SrCopsMng 503 was 7.83. SrCog 5Mn 503 perovskite is negatively
charged when the intimal pH > 7.83 is a hinderance to the activation of PMS due to the
repulsive force [58]. A significant drop in the removal efficiency of RhB in the first three
minutes (47%) can be observed at an initial pH of three. This observation can be attributed
to the fact that the protonated surfaces on the catalytic are easier to adsorb HSO5 and
generate much more radicals.

3.5. Identification of Mainly Reactive Species in the SrCop sMng 503—PMS System

Overall, the degradation of RhB has two paths: chromophore-structure destruction
and deethylation [49]. From the UV-VIS spectra (Figure S7), the characteristic peak did not
blue shift or red shift, which showed the cleavage of the whole conjugated chromophore
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structure of RhB is easier than the deethylation process. Thus, the radicals mainly con-
tributed to the chromophore-structure destruction.

To identify the main reactive radicals, quenching experiments were conducted in
the SrCog5Mng 503-PMS system. As is commonly suggested in SR-AOPs, four types of
reactive radicals could be generated in the activation of PMS, including peroxy-sulfate,
hydroxyl radical (-OH), singlet oxygen (1O,), and superoxide radical(O5 ') [14]. As shown
in Figure 7a, TBA, EtOH, PBQ, and L-histidine were added as the quencher agents of
-OH, SOj " along with -OH, O; *, and 102, respectively [59,60]. The addition of 0.12 M
TBA or 0.06 mM PBQ reduced the RhB removal efficiency slightly from 100% to 97.1%
and 96.1%, respectively. It can be surmised that the hydroxyl radicals (-OH) are not the
main reactive radicals, and the superoxide radical does not work well. In comparison, the
decomposition efficiency of RhB decreased from 100% to 71.4% within 30min when 0.12 M
EtOH was added (ngiom:npms = 2000:1). By combining the fact that TBA did not quench the
reaction significantly, it can be deduced that it was SO} " rather than -OH contributing to
the degradation. Specifically, the addition of 0.06 mM L- histidine exhibited an impressive
competitive inhibition effect, which made the RhB degrade only 14.1% within 30 min,
suggesting that 1O, could also be a key intermediate together with SO ". According to the
above analysis, the SOj " radical and the singlet oxygen had a great effect on the system.

(@) (b) 4 DMPO-OH
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Figure 7. (a) Quenching tests in the SrCog sMng 503-PMS system. (b) EPR spectra of DMPO-radical
adducts and (c) singlet oxygen in the SrCog 5Mn( 503-PMS reaction systems.

To further verify the results of the quenching effect, the EPR analysis was tested
with the DMPO as a spin-trap agent for the generated SOj " radical and the -OH radical,
and TEMP for 1O,, respectively [61,62]. As shown in the Figure 7b, the characteristic
peaks of the DMPO--OH adducts (hyperfine splitting constants oy = oy = 14.8 G) and
DMPO-50; (g =0.78 G, ag =148 G, ey = 9.6 G and oy = 13.2 G) in 3 and 12 min were
observed in the EPR spectrums, the upward trend in the catalytic process confirmed the
sustained generation of active radicals. Meanwhile, the intensity of the DMOH--OH adduct
had a significant enhancement, and the DMOH-SO} " had only weak growth, indicating
that it was continuously consumed, which caused the slightly left shift with the time [36].
Additionally, as shown in Figure 7c, three-line peaks were detected in the EPR spectrums
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with the relative intensities of 1:1:1, which matched well with the signals of the TEMP-
10, adduct.

3.6. Catalytic Mechanism in the SrCop sMng 503-PMS System

To better investigate the reusability of the catalyst, the XPS spectra of the SrCo5Mn503
were analyzed before and after the four-cycles activity test. Characteristic peaks of
cobalt, manganese, oxygen, and strontium were obtained from the wide XPS spectra
(Figure 8a), in which a minor N 1s signal could be observed in the used catalyst, which
could have originated from the decomposition of RhB. The deconvolution results of fresh
and used SrCop5Mng 503 perovskites were all displayed in Tables S2 and S3. From the
high-resolution XPS spectrum of Co 2p (Figure 8b), the two main peaks at 780.10 eV and
795.3 eV represent Co 2p3,, and Co 2p; /5, respectively, with three shake-up satellites of Co
ions at around 789.97 eV and 804.29 eV. The Co 2p; /, peaks at 780.10 eV and 795.10 eV were
recognized as Co®", with the energy splitting about 15 eV. After the catalytic cycles, the
relative intensity of Co?* /Co®" dropped from 81.01% to 73.73%, which demonstrates that
Co?* played a positive role. The Mn 2p peak had significantly split spin-orbit components
at the binding energy of 642.00 eV and 653.2 eV. Through the deconvoluted Mn 2p spectra
(Figure 8c), two oxidation states at 642.00 eV (Mn?®*) and 644.00 eV (Mn**) accounted for
68.26% and 31.74% and then changed to 71.91% and 28.09% after the reaction. The increase
in the ratio of Mn**/Mn3* and Co%*/Co?* indicated that the redox of the two B-site metals
was included in the PMS system.
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Figure 8. (a) survey XPS spectra of fresh and used SrCog sMng 503 perovskite. (b—d) XPS spectra of
Co 2p, Mn 2p O 1s of fresh and used SrCog sMng 503 perovskites.

The high-resolution XPS spectra of O 1 s on SrCosMng 503 before and after the
reaction were displayed in Figure 8d, in which four oxygen species were found after
deconvoluting. Four individual peaks at 529.13 eV, 530.20 eV, 531.50 eV, and 532.8 eV could
be regarded as lattice oxygen (O?~, Oy), oxygen defects (O%* /O~, Orp), surface absorbed
oxygen species (Oryy) and adsorbed molecular HyO(Oyry). The deconvolution results showed
that the ratio of Oy, had a slight drop of 9.72% and the oxygen species has a sharp decline
of 31.09%, suggesting they played an important role in the PMS activation process. Surface-
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absorbed oxygen species can improve reactive activity by accelerating the electron transport
between PMS and activates through the formation of hydrogen bonds [63]. Meanwhile, the
absorbed molecular H,O increased by 8.72% more than the initial catalyst, which could be
owing to the adsorption of organic intermediates in the process.

From the discussion above, the two PMS activation mechanisms (radical-based and
nonradical processes) on the SrCoysMng 503 perovskite could be proposed as follows
(Equations (3)—(15)). In the beginning, the SO} " radical was generated through the activa-
tion of PMS on activating sites (Co?* and Mn**) by Equations (3) and (4). The recycling of
the redox pair of Co’*/Co?* (1.8 V) could proceed as Equation (5) since it had higher stan-
dard redox potentials than that of SOz '/HSOs5. Then, the Co** was reduced to Co?* by the

electrons from lattice oxygen. It needs to be noticed that El(i/h14 Ty (0.15 V) was smaller

than HSOj (E%SOg /S0% = 1.1 V), which shows the reduction was thermodynamically favor-
able (Equation (6)), and -OH also exists through Equations (7)—(9), depending on the actual

pH. Meanwhile, the standard redox potential of Eg/ln4 M3t (0.15 V) was lower, with a

difference of 1.66V than EOC03  Cot [64]. Therefore, electronic transfer tended to move from
Mn?* to Co®* as Equation (10) shows, according to the thermodynamic favorable principles.
It was validated by the relatively slight change in Mn valuation and sharp increase of
Co®* from the XPS spectra. In addition, the Mn** was reduced by the neighboring O
as Equation (11) shows [28], which can explain the increase of O] and Mn®*. Then, the
generated Mn®* could participate in the redox process. Overall, the bimetallic synergistic
effects may be seen as the crucial factor to activate PMS since the dopant of Mn cycling of
Co-Mn was proven to be more efficient than the SrCoO3; and StMnOj3 perovskites.

Co?" 4 HSO; — Co>" +S0; " + OH~, (3)
Mn*t + HSO; — Mn*" +S0O; "+ OH™ (4)
Co®t +HSO; — Co*" +505 +H* (5)
Mn*t 4+ HSO; — Mn3t +S05 +H" (6)
Co?t /Mn®*T 4 HSO3; — Co®" /Mn*" .OH+S0%" 7)
SO; +OH™ — SO +-OH 8)

SO; 4+ H,O — SO¥ +-OH+H* ©9)

Co®*t +Mn®t — Co?T +Mn*t AE =166V (10)
Mn*t + 0% — Mn®* +Of (11)

As a high electrophilic reactive oxygen species, singlet oxygen is gradually getting
much more attention in recent research [65-67]. In general, singlet oxygen can derive
from the decomposition of PMS in suitable pH (near pK,) [68] as Equation (12) shows.
In this work, 'O, could be generated through metal-based activators [69,70]. The oxy-
gen vacancies could be converted into active oxygen(O’) and further changed into 'O,
(Equation (13)) with PMS. Meanwhile, the generated SOj " in the solution could react with
H,O to obtain 10, (Equation (14)) also [71]. The SOy, -OH, and 10, radical generated
in the SrCog5Mn(503-PMS system acted together for RhB degradation. On the whole,
the Mn species in the SrCogsMn( 503 perovskite not only formed more oxygen vacan-
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cies but also participated in PMS activation as activate sites. The possible mechanism in
SrCop 5Mng 503-PMS for removing RhB is depicted in Scheme 1.

HSO; + SO~ — HSO;+503 +10, (12)
HSO: +0* —HSO;+'0;, (13)
2505 +H,O — 2503 +2H' +1.5'0, (14)
10, +S0; +-OH + RhB — intermediates — CO, +Hy0 +SO3 (15)
@ ¢&r
g Co
. Mn
( Oxygen Vacancy
Oxygen
products

Scheme 1. A possible mechanism for activation of PMS by SrCog 5sMng 503.

4. Conclusions

In this work, different SrCo,Mn;_,O3 perovskites were synthesized to catalytically
promote the degradation of organic contaminants by SR-AOPs. By adding the Mn element
to a similar molar ratio of Co, SrCogsMny 503 still maintained the perovskite structure but
has a comparatively higher specific surface area than SrCoOj3, and it had more oxygen
vacancy than other perovskites. Meanwhile, the SrCo( sMng 503 perovskite also showed
the highest performance for PMS activation compared to any other catalysts, and the
promotion originated from the doping of Mn instead of the appearance of the SrMnOj3;
phase since the latter performed poorly in PMS activation. Moreover, the stability and
reusability were found to perform well and SrCog5Mng 505 still had a high activity for RhB
removal after four cycles. The B sites composed of Co mixed with Mn were recognized to
have a great effect on generating active radicals, which may be explained by two aspects:
the generation of singlet oxygen by more oxygen vacancies and the redox cycling between
Co and Mn. In the SrCopsMng503-PMS system, SO} *, -OH, and 10, were generated
and worked together for the degradation of RhB. Our study prepared a high-performance
catalyst for AOPs, which had a promising prospect for complex water treatment.
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