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Abstract: In this study Co:Mn3(POy)>3H,O(CoMnP-10) catalytic material was prepared by chemical
precipitation method, and the morphological structure of the catalyst was optimized by the
characterization analysis that Co was uniformly distributed in Mn3(POy),-3H,0. Experiments results
indicated that the CoMnP-10/PMS system demonstrated outstanding degradation capability towards
SDZ, and under the optimal conditions (catalyst dosage of 20 mg, PMS concentration of 0.27 mM, and
pH at 5.1), 96% removal of pollutants could be achieved within 3 min. The active species involved in
the reaction (SOy *, *OH, 'O2and Oy ¢) in the CoMnP-10/PMS system were identified by fiee radical
bursting experiments and EPR tests, and the incorporation of Co boosted the electron transfer rate,
promoted the Co/Mn dual-metal redox cycling, and thus improved the degradation efficiency of SDZ.
According to the above - mentioned research, a reasonable catalytic mechanism for the degradation of
SDZ in the CoMnP-10/PMS activation system was proposed.
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1. Introduction

Sulfonamide antibiotics, as synthetic antimicrobial drugs, have the advantages of ease of use, low
price, wide antimicrobial range and high applicability. Among them, SDZ is the most representative
sulfonamide antibiotic!'l. However, due to their incomplete utilization, substantial quantities of SDZ are
discharged into the environment. Therefore it is important to identify efficient, cost effective and
environmentally friendly degradation techniques to remove the contaminants from water.

Non-homogeneous peroxymonosulfate (PMS) activation has shown significant advantages in the
field of water remediation, and has achieved breakthroughs in engineering applications in medical
wastewater treatment, groundwater remediation and other scenarios. Under the catalysis, PMS
generates powerful oxidative reactive species, enabling efficient elimination of refractory contaminants
in wastewater. Therefore, the PMS-driven advanced oxidation process is regarded as an innovative
technological pathway for the efficient decomposition of difficult-to-degrade pharmaceutical residues
and industrial organic pollutants in water bodies.

Manganese is widely available in nature, and elemental manganese (Mn?*, Mn**, Mn*") can flexibly
participate in the electron transfer reaction with relatively low toxicity, which makes it a reasonable
choice for PMS activation, and it is especially excellent in redox catalysis (e.g., Fenton reaction). For
example, the transfer of electrons between Mn?>"/Mn’®" accelerates the PMS activation reaction to
degrade difficult-to-remove pollutants in wastewater'?. Mn3(PO4),-3H,0 can be regulated by synthetic
conditions to form nanoparticles, lamellar or porous structures to increase the exposed area of active
sites and enhance the catalytic efficiency; it also has the potential of doping modification, and the
introduction of transition metals or non-metallic elements can optimize the electronic structure and
enhance the catalytic activity and stability, with Multifunctional catalytic applications. With its low
cost, high activity, environmental friendliness and structural tunability, manganese phosphate has
become an ideal choice to replace precious metal catalysts, especially in the field of environmental
pollution control and sustainable energy. It has been confirmed that the modulation of metal oxidation
compounds by atomic interfacial engineering can significantly enhance the catalytic performance of
catalysts, and Co?" has the best PMS activation performance, therefore, the combination of Co and Mn
will be an innovative strategy with research value.
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In this chapter, Co-doped Mn3(POs4),-3H,0 was prepared by chemical precipitation and used for the
degradation of SDZ, an antibiotic in water. The morphology of the catalysts was analyzed by various
characterization techniques, demonstrating that Co-doping can improve the catalyst's ability to activate
PMS, and suggesting a possible degradation mechanism.

2. Materials and Methods
2.1 Materials

All chemicals and materials are analytically pure unless otherwise stated. The reagents required for
this study were:disodium hydrogen sulfate (Na,HPOs), magnesium sulfate monohydrate (MnSO4-H,0),
cobalt chloride hexahydrate (Cl,CoHi,Os), hydrochloric acid (HCI), sodium hydroxide (NaOH),
sulfadiazine (SDZ), sodium chloride (NaCl), sodium bisulfate (NaH,POy), sodium sulfate (Na>SOs),
sodium carbonate (Na,CO3), acetonitrile (chromatographic grade), acetic acid (chromatographic grade),
peroxymonosulfate (PMS), methanol (MeOH), tertiary butyl alcohol (TBA), benzoquinone (BQ), L-
histidine (L-His).

2.2 Catalyst preparation

The preparations in this study were prepared according to the methods of previous studies?l. 3
mmol Na,HPOs was added to a beaker containing 100 mL of deionized water. Then, CoCl,-6H,O and
MnSO4-H,O with different Co:Mn feed ratios (molar ratios of 1:19, 1:9, and 3:17) were dissolved in
the above mixture and stirred continuously at room temperature for 90 min. Next, Co-doped
Mn3(PO4)2-3H,O sample. It was named as CoMnP-X and the prepared samples were named as
CoMnP-5, CoMnP-10, CoMnP-15 according to the different molar ratios of Co:Mn. In the absence of
added CoCl,-6H,0 as described above, the pure Mn3(PO4)-3H,O was obtained as and was noted as
MnP.

2.3 Characterization of catalysts

Crystallographic parameters and phase compositions as well as elemental valence states of the
catalysts were analysed by X-ray diffraction (XRD, SmartLab-3KW, Rigaku, Japan) and X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA). The samples were tested by
transmission electron microscopy (TEM, JEOL JEM 2100F, Japan). The pore structure properties of
the catalysts were evaluated by testing the BET (Micromeritics ASAP 2460, USA). Samples were
tested by electron paramagnetic resonance spectroscopy (EPR, EMXplus-6/1, Bruker, Germany) for
capture experiments

3. Results and discussion
3.1 Characterization of MnP and CoMnP

The crystallographic parameters and phase compositions of the catalytic materials were
characterized and resolved using XRD. Figure la presents the XRD pattern of the catalyst. From the
Fig. 1, it is observed that MnP consists of three distinct characteristic peaks 26.78° , 29.60° and 34.66°
corresponding to the (111), (202) and (022) crystallographic facets of Mn3(POs4),-3H>O (JCDS No. 03-
0426)4, respectively, which indicate the successful preparation of MnP. The plots of CoMnP-5,
CoMnP-10 and CoMnP-15 and pure MnP are basically the same, and no new diffraction characteristic
peaks appeared, which may be due to the fact that no crystalline facets were formed by Co doping in.
This is consistent with the previous study that after doping metal Co, the strength of characteristic Co
diffraction peaks in the sample XRD is so weak that they are hardly recognizable®™. In addition, the
characteristic peaks of MnP diffraction show a decreasing trend with the continuous increase of Co
content, which indicates that the lattice disorder of the samples has increased and the crystallinity has
decreased.

TEM and HRTEM analyses of MnP and CoMnP-10 samples were carried out to characterize the
crystal structure of the catalysts. In Fig. 1b, it can be observed that MnP shows elongated needle-like or
fibrous particles. The TEM characterization results of CoMnP-10 samples are shown in Fig. 1c, after
the addition of Co, the morphology changes to a more lamellar structure, and the particles seem to be
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more tightly stacked with each other. CoMnP-10 This change in morphology and size is undoubtedly
beneficial for the catalytic reaction, and usually has a larger specific surface area provides a richer set
of reaction sites for the reaction process. which can provide more active sites and facilitate electron
transport in the catalytic reaction. As revealed by the HRTEM (Fig. 1d) results, the decrease in the
crystallinity of the CoMnP-10 samples resulted from the doping of Co., and short-range ordered lattice
fringes can be seen only locall. In Fig. 1d, the presence of j clearer lattice stripes in the sample has a
lattice spacing accurately determined to be 0.2470 nm; this spacing is confirmed by the crystal surface
index analysis to be in high agreement with the standard value of (022) crystal surface of CoMnP-10
material. Thus, the TEM results further demonstrate the successful preparation of the composite.
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Fig.1 (a)X-ray diffraction spectrum of CoMnP and MnP composite samples(b) MnP TEM image, (c)
CoMnP-10 TEM image and (d) CoMnP-10 HRTEM image

The pore structure and specific surface area of MnP and CoMnP-10 were characterized using N>
adsorption and desorption physical experiments. Both MnP and CoMnP-10 show typical type IV
isotherms (Fig. 2a-b), both conforming to H3 hysteresis loops, indicating the presence of mesoporous
structure or irregular pores in the materiall®l. As can be seen from Fig. 2a, the pore size of CoMnP-10 is
mainly distributed in the 0-50 nm interval, and its peak value is about 0-5 nm. According to the BJH
calculation method (Table 1), the BET specific surface area(SSA) of CoMnP-10 was measured to be
24.9422 m?/g, which exhibits a minor increase compared to that of MnP (22.7521 m?%/g), implying that
it has more reactive surfaces, which is important for reactivity and adsorption of reactants in the
catalytic reaction, and the smaller pore sizes of CoMnP-10 may contain more micropores or small
pores, thus the increased SSA of the material exposes more active sites, thus accelerating, the reaction
rate of CoMnP-10.
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Fig.2 N2 adsorption-desorption isotherms for (a) CoMnP-10 and (b) MnP
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Table 1 BET parameters of CoMnP-10 and MnP

samples BET surface area | Average pore size | pore volume
(m?/g) (nm) (em’/g)
CoMnP-10 24.9422 18.8471 0.002163
MnP 22.7521 22.5107 0.001661

The two catalysts, CoMnP-10 and MnP, were subjected to XPS tests so as to further analyze the
elemental species and content of the materials as well as the valence distribution characteristics. The
CoMnP-10 complex in Fig. 3a shows characteristic peaks of Co 2p, W 4f, Ce 3d and O Is, whereas
MnP contains the elements Mn, P, and O, which proves that the XRD does not contain impurity
elements and confirms the successful doping of Co metal in the CoMnP-10 composites. The Co 2p
spectra is presented in Fig. 3b, where the Co 2ps» and Co 2pi, spectral features display binding
energies of 781.6 eV and 797.6 eV, respectively.”). In the Mn 2p spectra (Fig. 3c), the signal peaks
located at 641.2 eV and 642.5 eV correspond to Mn 2p1» and Mn 2p32, proving that Mn?* and Mn®" are
contained in the CoMnP-10 material®), and one of the signal peaks at 646.2 eV corresponds to the Mn?*
satellite peak of Mn 2p3,[ !9, Fig 3d shows the high-resolution spectra of O 1s, which is deconvoluted
into four signal peaks at 528.2, 531.2, 532.5 and 533.7 eV. These peaks are respectively assigned to Or,
-OH, PO4*", and adsorbed H,O ', where the -OH content is very high, which is favorable for the free
radical'> 131 generation.
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Fig.3 (a) XPS full spectra of CoMnP-10 and MnP; (b) Co 2p, (c) Mn 2p; (d) O Is
3.2 Performance of activation degradation of SDZ

In this study, SDZ was used as a probe pollutant, and degradation experiments were conducted
under dark conditions in order to exclude photochemical interferences. The catalytic performance of
MnP, CoMnP-5, CoMnP-10 and CoMnP-15 was comprehensively evaluated to achieve the removal of
SDZ by activating PMS. In the absence of PMS injection (Fig. 4a), the removal of SDZ by pure MnP
was only about 1% in 20 min, while only CoMnP-10 showed the best removal effect among the doped
samples, but only 4%, so MnP as well as the doped samples have no ability to remove SDZ by
themselves. Fig. 4b shows the comparison graph of PMS addition, and it can be found that under the
condition of only adding PMS without catalyst, the effect of PMS itself on SDZ removal is only 6%,
therefore, single component PMS could not oxidize SDZ effectively. Under the same conditions, the
MnP/PMS system did not exhibit desirable degradation properties, and the degradation efficiency of
the MnP/PMS system for SDZ at 20 min was only 39%. In the samples of Co-doped MnP (CoMnP-5,
CoMnP-10, and CoMnP-15), the activated PMS performance of the catalysts was gradually enhanced
with the increase of Co-doping amount, which demonstrated the importance and effectiveness of Co as
a typical active site, and even the activated PMS performance of the sample with the smallest
percentage of Co doping (CoMnP-5) was higher than the MnP activation performance, which degraded
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SDZ up to 87%. The CoMnP-10/PMS system The degradation performance of SDZ reached 98% at 5
min, which was the best degradation effect. Comparing the two samples of CoMnP-10 and CoMnP-15,
it can be found that the degradation effect of SDZ at 20 min is very close, so the catalytic activation
performance of CoMnP-10 and CoMnP-15 was compared at 5 min, as shown in Fig. 5c. Within the
initial 0.5-minute interval, the degradation efficacy of CoMnP-15 exceeded that of CoMnP-10., but as
the reaction time continued, the removal of SDZ by CoMnP-15 gradually became slower, and after 0.5
min, the catalytic activation performance of CoMnP-10 was higher than that of CoMnP-15, The
catalytic activation performance of CoMnP-10 was higher than that of CoMnP-15, and the degradation
of SDZ by the CoMnP-10/PMS system reached 96% at 3 min. In light of the preceding experimental
results, CoMnP-10 was the best sample in terms of economic cost and Co leaching.
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Fig.4 (a) Degradation curves for each catalyst (without PMS); (b-c) SDZ degradation curves by PMS
activated by different catalysts

3.3 Identification and reaction mechanisms of free radicals

Selective quenching experiments were performed by introducing specific reactive oxygen species
inhibitors to analyze the major reactive oxygen species in the CoMnP-10/PMS system!'* 1], Methanol
(MeOH) was employed to inhibit the contribution of *OH and SO4* simultaneously, and tert-Butanol
(TBA) was utilized to selectively quench *OH (whereas the quenching ability of SO4 * was negligible),
and p-benzoquinone (BQ) was added to eliminate O, * and histidine (L-His, which removes 'O, by a
dual mechanism of physical quenching and chemical binding), respectively "¢, The quenching
experiment results, as presented in Fig. 5a, when MeOH was added to the CoMnP-10/PMS system, the
degradation of SDZ appeared to be greatly inhibited, with a degradation efficiency of only 12.7%,
which indicated that SO47* and *OH were the primary reactive species responsible in the SDZ removal
process. However, when TBA was added, a weak inhibition of degradation of SDZ was observed, a
phenomenon that suggests that «OH has a limited role in the degradation of SDZ, while SO47* is the
main active species. Whereas, the introduction of BQ and L-His into the CoMnP-10/PMS system, a
significant inhibition of both SDZ degradation efficiencies could be observed, with degradation
efficiencies of 75% and 81%, respectively, which suggests that O, and 'O also contribute
significantly to the removal of SDZ.

To resolve the controversy about major reactive oxygen species (ROS), DMPO and TEMP was
used as a ROS trapping agent, and the ROS species in the reaction system were comprehensively
analysed by EPR technique, enables the detection and evaluation of free radicals. The experimental
results in Fig. 5b show that, in the CoMnP-10/PMS/DMPO test system, the presence of only
1:2:1:2:2:1:2:1 seven-fold signal peaks was detected, which is the characteristic peak of DMPO-X
generated by oxidation of DMPO. This is due to the fact that there is too much oxidizing in the system,
resulting in the trapping agent DMPO being oxidized to open the ring, there is no way to act as a
trapping agent as it was originally intended to do, and the appearance of DMPO-X may be attributed to
the aggressive oxidation of DMPO by successive hydroxylation reactions or other free radicals!!” 131,
There is no detection of DMPO-SO4* in the EPR pattern and the DMPO-*OH signal peaks, while the
characteristic peak of DMPO-X appeared, which does not indicate that SOs™* and *OH!'") are not
present in the system. Precisely indicating that DMPO is oxidized at a much faster rate than DMPO as
a spin trapping agent, weak signal peaks were also observed for DMPO-O, « and TEMP-'0,. The
results of the bursting experiments were confirmed.
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Fig.5 (a) Free radical burst experiment of CoMnP-10/PMS; (b) EPR spectra of DMPO and TEMP as
spin traps (reaction conditions: catalyst = 20 mg, SDZ = 5 mg/L, PMS = 0.27 mM, pH = 5.1,
temperature = 25°C )

The mechanism of activation of PMS for SDZ removal by CoMnP-10 catalyst was elucidated
through identification of active species and EPR analysis, combined with the characterization and
analytical results from this study. A lot of metal ions (Co?"/Mn?") in the composite material CoMnP-10,
which can trigger the conversion of HSOs™ to SO47e, as in Eq. (1), (2); after that, the generated SO,
reacts with H,O to form *OH (Eq.3), after which Co*"/Mn**is reduced by HSOs™ to produce SOs * and
Co?"/Mn*"(Eq. 4-5)°1 which results in the formation of Co?"/Co*" and Mn?*"/Mn** redox cycles. Due
to the higher standard reduction potential of Co*"/Co?" (E¢=1.81 V) than that of Mn*"/Mn?"(Eo=1.51
V)21:221 which this potential difference property facilitates rapid electron transfer and increases the rate
of reaction (Eq. 6). On the other hand, SOs* reacts with H>O to form O, +?¥ (Eq. 7), after which it is
further converted to '0x(Eq. 8). Briefly, three radical pathways (SO4 e, *OH, and O,*) together with
one non-radical pathway 'O, degraded SDZ in the CoMnP-10/PMS system.The degradation mechanism
diagram is shown in Figure 6.

Co** + HSOZ — Co3t + S0, « +0OH™ (1)
Mn?* + HSO; - Mn3* + SO, « +OH™ )
SOy o +H,0 —e OH + SO?~ + H* 3)
Co3* + HSO; - Co%** + 505 o +H* (4)
Mn3* + HSO5 — Mn?** + S05  +H* (5)
Co3* 4+ Mn?* = Co?* + Mn3*  AE=0.30V (6)
SO5 « +H,0 - SO~ + 05 « +2H* 7

07 e+ 0H - 10, + 0H" (8)

Fig.6 Mechanism of SDZ degradation by CoMnP-10/PMS
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4. Conclusion

In this study, Co-doped Mn3(PO4),'3H,O catalytic materials were prepared by chemical
precipitation method, and antibiotic SDZ was selected as the degradation target, and the performance of
Co: Mn3(POs),:3H,0 (CoMnP-10) catalytic materials was evaluated for activation of PMS. The results
of XRD, TEM, and XPS showed that Co was successfully doped into Mn3(POs),-3H>0. The metal Co
was uniformly distributed inside Mn3(POs),-3H>0O. From the analysis of the BET results, CoMnP-10
showed an increase in the specific surface area, which was conducive to adsorb the PMS on the surface
for reaction. The composite CoMnP-10 had the best performance in activating PMS, at the optimal
catalytic environment, 96% removal of SDZ was achieved in 3 min. Free radical burst experiments and
EPR tests finalized that the ROS in the degradation process in the CoMnP-10/PMS system were SOy *,
*OH, 'O, and Oy . The CoMnP-10 composite catalysts showed good performance and excellent
adaptability in activating the PMS for the degradation of organic pollutants in water.
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