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RESUMO 

 

OXIDAÇÃO QUÍMICA IN SITU DA CIPROFLOXACINA MEDIADA PELA 

ATIVAÇÃO DE PEROXIMONOSULFATO USANDO MnOOH 

NANOMÉTRICO: INVESTIGAÇÃO DE PARÂMETROS OPERACIONAIS E 

MUDANÇAS NA SUPERFÍCIE DO CATALISADOR. − O composto 

nanométrico MnOOH foi sintetizado (por uma abordagem verde), caracterizado 

e usado para remover o antibiótico Ciprofloxacina (CIP) por oxidação química in 

situ usando peroximonossulfato (PMS). O efeito de diferentes concentrações de 

MnOOH, PMS e pH, as mudanças morfológicas, estruturais, químicas e 

eletroquímicas foram estudados durante e após os experimentos. A molécula CIP 

foi completamente oxidada e parcialmente mineralizada (~ 60%) após 6 h sob 

condições ácidas. O mecanismo de degradação do CIP foi conduzido por 

oxidantes gerados (HO• e 1O2) durante a ativação in situ do PMS e, em menor 

grau, diretamente na superfície do MnOOH. Este último processo foi confirmado 

por microscopia eletrônica de transmissão mostrando a formação de uma camada 

amorfa (MnOx) sobre cristais de MnOOH, também verificado por espectroscopia 

de fotoelétrons de raios X e o subsequente aumento da resistência à transferência 

de carga que impediu uma transferência adicional de elétrons para o oxidante 

PMS. Esse comportamento parece ser recuperável ao ser empregada uma solução 

PMS recém-preparada. 

  



xvi 

 

ABSTRACT 

 
IN SITU CHEMICAL OXIDATION OF CIPROFLOXACIN BY ACTIVATED 

PEROXYMONOSULFATE USING NANOMETRIC MnOOH: 

INVESTIGATION OF OPERATIONAL PARAMETERS AND CHANGES ON 

THE CATALYST SURFACE. − Nanometric MnOOH compound was 

synthesized by a green approach, characterized, and used to remove ciprofloxacin 

(CIP) antibiotic by in situ chemical oxidation using peroxymonosulfate (PMS). 

The effects of varying concentrations of MnOOH, PMS and pH, on 

morphological, structural, chemical, and electrochemical changes were studied 

during and after the experiments. The CIP molecule was completely oxidized and 

partially mineralized (~ 60%) after 6 h under acidic conditions. The mechanism 

of CIP degradation was induced by PMS activated oxidants (HO• and 1O2) and, to 

a lesser extent, directly on the surface of MnOOH. The latter process was 

evidenced by transmission electron microscopy showing the formation of an 

amorphous shell (MnOx) over MnOOH crystallites, as verified using X-ray 

photoelectron spectroscopy and the subsequent increase of the charge transfer 

resistance that hindered a further electron transfer to the PMS oxidant. Such 

behavior is recoverable when using a freshly prepared PMS solution.  
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1 - INTRODUCTION AND GOALS  

 

The constant need for freshwater supply has been increasingly 

affected by pollution and climate change, resulting in an unprecedented change in 

the water cycle1. Consequences include water scarcity and poor quality for human 

consumption2. In turn, the quality of water for human consumption is directly 

associated with basic sanitation conditions, as well as the type of treatment 

methods used for water supply and after its disposal3. 

A report on the evolution of water for consumption, sanitation, and 

hygiene by the United Nations Children’s Foundation (UNICEF) and the World 

Health Organization (WHO)4 points to an improvement in the quality of services 

and supply of water for consumption worldwide from 2000 to 2017. In Brazil, 

over 75% of the proportion use basic water services (municipal water, wells water, 

protected dug wells, protected springs, and bottled water), a proportion similar to 

that for basic sanitation. It is worth noting that these are average values; therefore, 

in most cases, the complexity of our country is not represented. However, Brazil 

still faces some shortcomings concerning basic sanitation, which means that a 

large part of its population has access neither to public treatment supplies nor 

adequate wastewater disposal.  

According to the Brazilian institution Sistema Nacional de 

Informações sobre Saneamento, in 2020, only 79.8% of the collected wastewater 

were treated; therefore, just over 20% of the wastewater, that is, 1.2 billion m³, 

were released directly into the environment. The discharge of wastewater without 

proper treatment is one of the main sources of pollution of water bodies in Brazil 

and a major facilitator for emerging contaminants to enter the environment5. 

Since hosting the meeting sponsored by the United Nations (UN) in 

Rio de Janeiro in 1992 (Rio 92), Brazil has stood out as a pioneer in promoting an 

international union for sustainable development, human development, and 
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environmental protection. In continuation of the agreements signed on that date, 

the 2030 Agenda for Sustainable Development (SD) commits UN member states 

to take bold and transformative steps to “change the world to a sustainable and 

resilient path”, “make practicable the human rights of all”, “ending poverty in all 

its forms", and ensuring that "no one is left behind". The sixth goal of the SD is 

to ensure the availability and sustainable management of water and sanitation 

access to drinking water for all. Aligned, the third goal addresses universal health 

coverage since water quality and the presence or absence of basic sanitation is the 

source of several health problems. 

The contamination of water supply and effluents with emerging 

contaminants is a much-discussed subject in the literature and is linked to water 

issues and the SD goals with the UN 6. Most of these compounds are synthetic, 

such as personal hygiene products, antibiotics, plasticizers, agricultural pesticides, 

and textile dyes, thus representing a real risk to water bodies (surface and 

underground)7 since they can remain in the environment without being degraded 

(recalcitrant) by natural organisms8. For example, Le Coadou et al.9 and Chow et 

al.10 detected different amounts of synthetic organic compounds at trace levels, 

such as hormones, pharmaceuticals, and polyfluoroalkylated substances, in 

bottled water in France and the United States. In Brazil, specifically in the state 

of São Paulo, Montagner et al.11 detected 58 different compounds (8 industrial 

compounds, 9 hormones, 10 illicit drugs, 14 pharmaceuticals, and 17 pesticides) 

in various water matrices collected from 13 cities, 10 rivers, 4 reservoirs, and 5 

wastewater treatment plants (WWTPs). Other studies have reported the presence 

of organic pollutants in various water sources around the world 11–14. 

Regarding water contamination with pharmaceuticals, the literature 

has indicated that different types and concentrations of antibiotics have been 

widely detected in rivers, lakes, and seawater worldwide (see TABLE 1.1), with 

quinolones as one of the main types of antibiotics detected in surface waters since 

they are highly consumed globally 15. 
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Antibiotic 
CAS 

number 
Country 

Average 

concentration 

(ng L-1) 

Reference 

Amoxicillin 26787-78-0 

Brazil 

France 

Kenya 

4 – 8 

5 – 21 

900-1600 

Montagner et al. 201811 

Dinh et al. 201716 

Kairigo et al. 202017 

Cephalexin 15686-71-2 

Brazil 

Costa Rica 

Iran 

575.5 

50-10000 

2 – 2.4 

Monteiro et al. 201718 

Ramírez-Morales et al. 202019 

Kafaei et al. 201820 

Ciprofloxacin 85721-33-1 

Brazil  

China 

Colombia 

France 

Mexico 

Portugal 

Sweden 

15.7 – 572 

9800 – 55200 

500 

89 – 3400 

83 – 1190 

339 

83 – 1406 

Monteiro et al. 201718 

Li et al. 201821 

Botero-Coy et al. 201822 

Dinh et al. 201716 

Lesser et al. 201823 

Fernandes et al. 202024 

Östman et al. 201725  

Enrofloxacin 93106-60-6 
China 

France 

0.4 – 0.9  

636 

Zhang et al. 202026 

Dinh et al. 201716 

Norfloxacin 70458-96-7 

Brazil 

China  

France 

2 - 4 

0.3 – 0.8 

97 – 9347  

Montagner et al. 201811 

Zhang et al. 202026 

Dinh et al. 201716 

Ofloxacin 82419-36-1 

China 

France 

Portugal 

45.3 

 805-8637  

120 

Yao et al. 201727 

Dinh et al. 201716 

Fernandes et al. 202024 

TABLE 1.1 – Some antibiotics detected in different water matrices. 

 

Both human and veterinary medicines widely use quinolones, one of 

the largest classes of antibiotics, to treat various bacterial infections. 

Fluoroquinolones (FQNs) stand out among the derivatives of quinolones and have 

the basic chemical structure of quinolones (FIGURE 1.1) with a fluorine atom in 

the C6 position. Its most commonly used form contains a heterocycle with 

nitrogen in the C7 position, such as norfloxacin (NOR), ofloxacin (OFX), 

enrofloxacin (ENR), and ciprofloxacin (CIP) (FIGURE 1.2)28. 
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FIGURE 1.1 – General structure of quinolones and fluoroquinolones (Source: 

adapted from Lungu et al. 202228). 

 

 

FIGURE 1.2 – Molecular structures of some fluoroquinolones (Source: adapted 

from Lungu et al. 202228). 

At present, NOR, CIP, and OFX are mainly used for the treatment of 

human diseases, while ENR is exclusively used for animal treatments. The 

bactericidal effect of FQNs involves a mechanism of action that inhibits bacterial 

DNA replication and transcription. This mechanism is carried out by interacting 

with the enzymes i) Topoisomerase II, essential to initiate the replication process, 
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and ii) Topoisomerase IV, important for the separation of replicated chromosomal 

DNA during cell division. 

After administration, a significant part of the drugs is excreted by 

humans, and the effluents containing them go directly to wastewater treatment 

plants. WWTPs are the last barrier to prevent pollutants present in wastewater 

from entering the environment directly; however, most of these facilities mostly 

deal with conventional aspects of pollution, such as sedimentable and suspended 

solids, organic material, nutrients, and some pathogenic microorganisms that 

cause diseases. Many wastewaters treatment processes have limited ability to treat 

antibiotics, and antibiotics remaining in the effluent continue to accumulate and 

diffuse into the environment. FIGURE 1.315 shows other routes for these 

pollutants to enter the environment, such as effluents from pharmaceutical 

factories, hospital materials, expired drugs improperly discarded, and animal 

waste28. 

Once in water bodies and even after being submitted to primary, 

secondary, and tertiary treatment processes, antibiotics can cause harmful effects 

on human health, even in very low concentrations (ng L–1), due to chronic 

exposure8,29,30. This leads to serious problems such as allergic reactions, alteration 

of the microbiome, disruption of digestive system functions, and antimicrobial 

resistance (AMR)31,32. It is worth noting that this latter issue emerges when 

microorganisms, such as bacteria, viruses, parasites, and fungi, evolve, adapt, and 

become immune to the drugs to which they were previously vulnerable. The more 

microorganisms are exposed to pharmaceuticals, the more likely they are to adapt 

to them. 
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FIGURE 1.3 – Routes of entry and transport of drugs in the environment (Source: 

figure reproduced from Zou et al. 202215 allowed by Elsevier). 

According to the most recent report by the United Nations 

Environment Programme (UNEP)33, AMR can trigger the emergence of drug-

resistant pathogens and potentially another global pandemic. Globally, not 

enough attention has been paid to the threat that AMR poses, with most antibiotics 

being released into the environment. In 2015, 34.8 billion antibiotic doses were 

consumed out of which about 90% were excreted in the environment still as active 

substances. In 2019, infections that showed resistance to antibiotics were 

associated with the death of nearly 5 million people. If no immediate action is 

taken, it is estimated that these infections might have caused up to 10 million 

yearly deaths globally by 205033. Furthermore, the newest report on the global 

antimicrobial resistance and use surveillance system (GLASS) by the WHO, 
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published at the end of 202234, revealed that bacteria are frequently responsible 

for bloodstream infections in hospitals, such as Klebsiella pneumoniae and 

Acinetobacter spp., which showed high levels of resistance. These life-threatening 

infections require treatment with antibiotics of last resort, such as carbapenems. 

However, 8% of bloodstream infections caused by Klebsiella pneumoniae have 

been reported to be resistant to carbapenems, increasing the risk of death due to 

uncontrollable infections. The statement also highlights a resistance of over 20% 

to antibiotics, such as ampicillin, cotrimoxazole, and some fluoroquinolones, in 

E. coli, the most common pathogen in urinary tract infections. Also of concern is 

the high resistance of the bacterium Neisseria gonorrhoeae, which causes 

gonorrhea (a sexually transmitted disease), towards CIP, which can be greater 

than 60%. These antibiotics are often used in the oral treatment of some other 

infections, and such high resistance in very common pathogens is of great 

concern. Thereby, the situation is delicate from the point of view not only of water 

pollution but also of human health. 

Thus, the growing concern about environmental issues imposes the 

high priority of developing new technologies to treat water containing emerging 

contaminants. Advanced oxidative processes (AOPs)35 are an interesting option 

among the methods currently available to treat distinct water sources 

contaminated with organic pollutants. Advanced oxidative processes, including 

the Fenton reaction, electrochemical oxidation, ozonation, sulfate radical-based 

advanced oxidative processes (SR-AOPs), etc., can completely degrade organic 

pollutants by generating highly oxidizing species, such as hydroxyl (HO•), sulfate 

(SO4
•–), and superoxide (O2

•–) radicals, as well as non-radical species like singlet 

oxygen (1O2). 

Numerous research works on the degradation of organic pollutants 

by AOPs have mostly focused on the generation of the hydroxyl radical since its 

high oxidative power36 can react non-selectively with organic molecules. 

Considering its short period of half-life, the HO• radical (~1 ns)37 is generated in 
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situ during processes based on H2O2 activation. The most studied systems in the 

literature are i) photolysis of hydrogen peroxide with UV radiation (UV/H2O2), 

ii) Fenton (Fe2+/H2O2), and iii) photo-Fenton (UV/Fe2+/H2O2)36,38. In the former, 

the generation of the HO• species is affected by the photolysis of H2O2 with UV 

radiation. In the Fenton-based processes, the HO• radical is produced in an acidic 

solution (pH 3) by activating H2O2, via electron transfer, in the presence of Fe2+ 

ions. Often, UV-vis light is irradiated in the solution (photo-Fenton) for the in situ 

recovery of Fe2+ ions, consequently promoting the additional generation of HO• 

radicals39. However, the application of AOPs for H2O2 activation is partially 

limited to the acidic conditions of the solution and the natural decomposition of 

H2O2
40. 

Alternatively, the use of SO4
•– radicals is promising due to its longer 

half-life (~40 µs)41 and an oxidation potential comparable to the HO• radical 

(E°(SO4
•–/SO4

2–) from +2.60 to +3.10 VNHE and E°(HO•/HO–) from +1.90 to +2.70 

VNHE, depending on the solution pH)41–43. This first condition allows the SO4
•– 

radical to diffuse a little more through the solution to interact with the polluting 

organic compound. The reaction of the SO4
•– radical is mainly dictated by 

oxidation via one electron (Eq. 1), in addition to hydrogen abstraction and 

addition to C-C type double bonds in organic compounds43. Depending on the 

solution pH, the SO4
•– radical can also react with the OH– ion (mainly at pH > 9) 

to produce HO• radicals (Eq. 2). 

SO4
•– + e- → SO4

2–                              (1) 

SO4
•– + OH– → SO4

2– + HO•                              (2) 

Commonly, SO4
•– radicals are produced by activating the oxidant 

HSO5
– (peroxymonosulfate, PMS) or S2O8

2– (peroxydisulfate, PDS) through 

thermal activation, photolysis with UV irradiation, homogeneous catalysis using 

metallic ions (Fe2+, Co2+, Ag+, Cu2+), or heterogeneous catalysis using metallic 

oxides and carbon-based compounds44–52. Both PMS and PDS can also lead to the 
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oxidation of organic compounds without involving radical species, as well as 

through43 i) direct electron transfer, ii) formation of high valence species, and iii) 

formation of 1O2, particularly for PMS. 

The chemical structures of PMS and PDS are characterized by having 

an O−O peroxide bond, like H2O2 (see FIGURE 1.4). However, the difference 

between their reactivity derives mainly from this bond, as in PMS it is asymmetric 

with a partially positive charge induced on the hydrogen-bound peroxide oxygen 

and with an O−O bond distance of 1.460 Å, with a dissociation energy of 377 kJ 

mol-1. In the case of PDS, it has a symmetrical charge distribution, a longer 

binding distance (1.497 Å)41, and a lower dissociation energy (92 kJ mol-1)43. 

Furthermore, the steric hindrance due to the presence of two -SO3 groups on either 

side of the O−O bond (see FIGURE 1.4) makes PDS less reactive than PMS with 

organic molecules containing bulky groups44,53. 

 

FIGURE 1.4 – Chemical structure and activation mechanism of peroxydisulfate 

(PDS) and peroxymonosulfate (PMS) by electron- and energy-transfer processes 

(Source: figure reproduced from Lee et al. 202043 allowed by the ACS). 

These structural differences between PMS and PDS oxidants 

generate different activation processes. For example, energy transfer processes 

such as thermolysis and photolysis, which involve homolytic cleavage of the 

peroxide bond, are more effective in activating PDS than PMS, due to the lower 
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dissociation energy of the O−O bond. In contrast, PMS is more effectively 

activated to produce SO4
•– radicals in processes mediated by electron transfer 

using transition metals, carbon-based catalysts, or metal oxides43. 

The field of environmental science has increasingly studied the PMS 

oxidant. It has been used as an oxidant in organic synthesis to produce oxidizing 

species since it has a lower oxidation potential than PDS (1.82 VNHE for PMS and 

2.08 VNHE for PDS). Such a characteristic allows PMS to be an oxidizing or 

reducing agent in the reaction medium, also depending on the conditions adopted 

to activate it. In addition to radical species, PMS can lead to the production of 1O2. 

A possible mechanism in the presence of PMS with metallic ions in solution is 

based on the redox cycle, as shown in equations 3 to 5, with the formation of HO• 

or SO4
•– radicals; in addition to the recovery of the metallic species at the end of 

the reaction. 

Mn+ + HSO5
– → M(n+1)+ + SO4

•– + OH–                           (3) 

Mn+ + HSO5
– → M(n+1)+ + SO4

2– + HO•                           (4) 

M(n+1)+ + HSO5
– → Mn+ + SO5

•– + H+                            (5) 

The SO5
•– species formed can generate 1O2 by reacting with H2O (Eq. 

6). Furthermore, 1O2 can be generated via self-decomposition of PMS, where 

protonated and non-protonated HSO5
– species react with each other (Eq. 7). 

2SO5
•– + H2O → 2HSO4

– + 1.51O2                            (6) 

HSO5
–+ SO5

2– → HSO4
– + SO4

2– + 1O2                           (7) 

The 1O2 oxidant is weaker than HO• and SO4
•– radicals (E°(1O2/O2

•–) 

= +0.81 VNHE)43,54, in addition to being highly selective, reacting through reactions 

of electrophilic addition and electron abstraction55. Notwithstanding, it has the 

advantage of not reacting with interfering species (commonly found in natural, 

supply, and effluent waters), such as inorganic and those represented by OH– ions, 
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halides, oxyanions (HCO3
–, CO3

2–, HPO4
2–, H2PO4

–, etc.), or dissolved organic 

matter (humic acids and others)43. Such a characteristic allows 1O2 to react almost 

exclusively with emerging contaminants compared to HO• and SO4
•– species.  

In recent times, manganese-based oxides have been used for different 

water treatment applications due to their various properties, such as wide 

resources, low toxicity, multiple oxidation states of Mn (basically II, III, and IV), 

and catalytic reactivity56. Considering the in situ activation of oxidants by Mn-

based oxides catalysts, a large number of studies investigated the homolytic 

cleavage of PMS to generate HO• and SO4
•– radicals for the degradation of organic 

pollutants57,58. Liu et al.59 used a magnetic nanocomposite based on Fe3O4 

(magnetite) and MnO2 for the degradation of 4-chlorophenol. The use of 

nanometric Fe3O4 aims to facilitate its separation and subsequent reuse in other 

experiments. The work demonstrated that the nanocomposite synthesized at the 

Fe:Mn molar proportion of 4:1 resulted in the complete oxidation of 4-

chlorophenol (50 mg L–1) during a 30-min experiment mineralizing over 50% of 

the organic load in this same time interval. The use of tert-butanol and ethanol as 

scavengers showed that the organic compound is preferentially oxidated by the 

SO4
•– radical. This was demonstrated by the much smaller decrease in the 

oxidation rate with the use of tert-butanol in the experiments (it reacts 

preferentially with the HO• radical). The mechanism proposed for PMS activation 

involves the reaction of HSO5
– with surface Mn(IV) to produce Mn(III) (Eq. 8 

and 9). Then, the latter reacts with another molecule of HSO5
– to form the radical 

SO4
•–and Mn(IV) (Eq. 10 and 11). 

≡MnIV − OH + HSO5
− → ≡MnIV − (O)OSO3

− + H2O                         (8) 

≡MnIV − (O)OSO3
− + H2O → ≡MnIII − OH + SO5

•− + H+                          (9) 

≡MnIII − OH + HSO5
− → ≡MnIII − (O)OSO3

− + H2O                       (10) 

≡MnIII − (O)OSO3
− + H2O → ≡MnIV – OH + SO4

•– + OH−                       (11) 
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The Mn(III) species can also react with Fe(III) from magnetite, 

reducing it to Fe(II), which, in turn, can also react with HSO5
– to form SO4

•– 

radicals and Fe(III) again (Eq 12-14). 

≡MnIII − OH + FeIII − OH → ≡MnIV – OH + ≡FeII – OH                       (12) 

≡FeII – OH + HSO5
− → ≡FeII − (O)OSO3

− + H2O                        (13) 

≡FeII − (O)OSO3
− + H2O → SO4

•− + FeIII – OH + OH−                        (14) 

The HO• radicals might be generated due to the reaction of SO4
•– with H2O, as in 

Eq. 15: 

SO4
•− + H2O → HO• + H+ + SO4

2−                           (15) 

Saputra et al.60 investigated the effect of different crystalline phases 

of nanometric MnO2 (α, β, and γ) for the activation of PMS and degradation of 

phenol. The difference between these phases lies in the manner in which the 

fundamental structures of MnO6 are packaged. As the PMS is activated by this 

molecule interacting with the catalyst surface, it is expected that samples with 

greater adsorption towards organic molecules result in higher oxidation rates, 

which was true for the α-MnO2 phase. Furthermore, the greater variation in 

oxidation states (Mn4+ → Mn3+ → Mn2+) in this last phase facilitated the activation 

of PMS. Saputra et al.61 also investigated the effect of the Mn oxidation state (such 

as MnO, Mn2O3, Mn3O4, and MnO2) on PMS activation. As Mn has different 

oxidation states in solids, the activation of PMS can generate two different 

radicals: SO4
•– or SO5

•–, as shown in some chemical reactions below (Eq. 16-20): 

HSO5
− + 2MnO2 → Mn2O3 + SO5

•− + OH−                         (16) 

HSO5
− + 2Mn3O4 → 3Mn2O3 + SO4

•− + H+                         (17) 

HSO5
− + Mn2O3 → 2MnO2 + SO4

•− + H+                          (18) 

HSO5
− + 2MnO → Mn2O3 + SO4

•− + H+                          (19) 
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HSO5
− + 3Mn2O3 → 2Mn3O4 + SO5

•− + OH−                        (20) 

These results showed that Mn2O3 has the highest ability to activate 

PMS when considering the investigated four manganese oxide compounds. This 

occurs because Mn(III) species can undergo disproportionation reaction and the 

resulting species promote the electron transfer between the catalyst and PMS 

molecules. Therefore, the structure of manganese oxides and the content of 

Mn(III) on the surface of such compounds play a critical role in the oxidative and 

catalytic reactivity of manganese oxides. The commonly reported Mn(III)-based 

catalysts include Mn2O3, Mn3O4, and MnOOH (manganese oxyhydroxide). 

Among them, MnOOH has received increasing attention from the scientific 

community because of its efficient electron transfer rate, high surface-active sites 

and surface hydroxyl sites61,62.  

He et al.63 investigated the activation of PMS by γ-MnOOH (with 

different morphologies) for the degradation of 2,4-dichlorophenol. The obtained 

results showed that the catalytic activity of γ-MnOOH decreased from nanowires 

to multi-branches and then to nanorods. Different parameters, such as specific 

surface area, zeta potential, and redox potential were measured to investigate the 

reason why distinct morphologies resulted in distinct catalytic performances of γ-

MnOOH. The key role on the catalytic activity was played by the surface charge 

density (i.e. zeta potential), as it promotes the interfacial reactivity between PMS 

and MnOOH surface sites. 

Currently, MnOOH composites have also been used for the 

degradation of pollutants (see TABLE 1.2) due to their several synergistic effects 

(e.g., generation of surface defects, improvement of material’s stability and 

catalytic activity). 
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Catalysts Pollutant 
Experimental 

conditions 
Reactivity 

Active 

Species 
Ref. 

-MnOOH-rGO Bentazone 

[Catalyst] = 75 mg L-1 

[PMS] = 615 mg L-1 

[Betazone] = 10 mg L-1 

pH = 7; sunlight 

96% removal 

of Bentazone 

in 90 min 

HO• 

1O2 

Li, et al. 

202064 

MnOOH@nylon 
2,4-

dichlorophenol 

[Catalyst] = 0.76 mg cm2 

[PMS] = 138 mg L-1 

[2,4-DCP] = 25 mg L-1 

pH = 6 

97.9% 

removal of 

2,4-DCP in 

120 min  

HO• 

1O2 

SO4
•– 

O2
•–

 

Zhang, et 

al. 202165 

NiCo2O4/MnOOH/GO Ciprofloxacin 

[Catalyst] = 0.15 g L-1 

[PMS] = 30.44 mg L-1 

[CIP] = 6.63 mg L-1 

pH = 7 

99% removal 

of CIP in 30 

min 

HO• 

1O2 

SO4
•– 

O2
•– 

Nguyen, et 

al. 202266 

Mn3O4/γ-MnOOH Norfloxacin 

[Catalyst] = 0.2 g L-1 

[NOR] = 10 mg L-1 

pH = 7, sunlight, 

magnetic field 

98.8% 

removal of 

NOR in 60 

min 

O2
•– 

h+ 

Li, et al. 

202167 

TABLE 1.2 – Summary of degradation of pollutants by MnOOH composites. 

Kamagate et al.68 reported the important role of MnO2 and manganite 

in oxidizing norfloxacin (NOR) antibiotic and oxide-bound Mn(II) species to 

activate persulfate. The performances of using manganite were similar for organic 

oxidation and mineralization68. The authors also observed the MnO2/NOR system 

showed an increase in the concentration of dissolved Mn(II) species over time. 

The issue of Mn(II) (and other species) leaching is particularly problematic and 

limits, in many cases, the reuse of manganese oxides and other catalysts. 

Therefore, some studies have focused on minimizing such an issue, as 

investigated by Liu et al.69 by using a carbon layer over Mn3O4 nanoparticles. The 

carbon-coated particles exhibited low values of charge transfer resistance for 

higher carbon amounts due to the improvement of electrical conductivity and 

oxidant activation. All these strategies are important to design better catalysts and 

avoid contamination with metallic ions. However, little attention has been paid to 

the time evolution of the Mn oxide catalyst during and after activation (post- 
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mortem) using distinct oxidants, although it is crucial for developing efficient 

catalysts. 

Thus, this thesis aimed to synthesize, characterize and apply 

MnOOH oxyhydroxide nanoparticles to activate the PMS oxidant in the 

degradation of the ciprofloxacin (CIP) antibiotic. More specifically, we studied 

the influence of MnOOH and PMS concentration, as well as the solution pH on 

the PMS activation. For this purpose, the main oxidants produced during the CIP 

degradation were studied using electron spin resonance (ESR) and the produced 

organic intermediates were identified through liquid chromatography coupled to 

high-resolution mass spectrometry (UHPLC-QToF MS). In addition, to 

understand the deactivation process of MnOOH, we investigated the time 

evolution of MnOOH morphology, crystalline structure, superficial oxidation 

state, and electrochemical parameters using high-resolution transmission electron 

microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), and 

electrochemical measurements. 
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2 - MATERIALS AND METHODS 

 

2.1 − Chemical reagents 

All chemicals, including CIP (ciprofloxacin hydrochloride 

monohydrate, EMS), KMnO4 (analytical reagent - a.r. Sigma Aldrich), C12H22O11 

(a.r. Synth), MnSO4 (a.r. Sigma Aldrich), HNO3 (a.r., Qhemis), NaOH (a.r 

Impex), H2SO4 (a.r., JTBaker), PMS (available as Oxone®, 

KHSO5⸱0.5KHSO4⸱0.5K2SO4, Sigma Aldrich), DMPO (5,5-dimethyl-1-pyrroline 

N-oxide, a.r. CaymanChem), TEMP (2,2,6,6-tetramethyl-4-piperidine, a.r. Sigma 

Aldrich), Na2S2O3 (a.r. Synth), CH3OH (HPLC grade, JTBaker), and HCOOH 

(a.r., JTBaker) were used as received without prior treatment. All solutions were 

prepared using deionized water (Millipore Milli-Q Academic system, ≥18.2 MΩ 

cm). 

 

2.2 – Synthesis of MnOOH 

MnOOH was prepared according to the procedure reported in the 

work of Crisostomo et al.70 with some modifications. Briefly, 50 mL of a 0.19 

mol L–1 KMnO4 solution was slowly added under constant stirring to a previously 

prepared solution containing 0.5 g of sucrose in 7.5 mL of water in the presence 

of 0.75 mL of concentrated HNO3 (65% m/V). Then, 10 mL of a 0.65 mol L–1 

MnSO4 solution was slowly dripped to the mixture. The resultant solution was 

refluxed at ~100 °C for 1 h. After hot filtration, the brown solid product was 

washed with deionized water and vacuum dried using a desiccator. 
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2.3 – MnOOH characterization 

X-ray diffraction (XRD) experiments were performed using a D8 

Advanced ECO (Bruker) instrument in the reflection mode (Cu-Kα1 radiation of 

1.54 Å, 40 kV, and 25 mA) at a scanning rate of 1° min–1 from 10° to 80° (2θ). 

The surface morphology was analyzed using a TECNAI G2 F20 (FEI) high-

resolution transmission electron microscopy (HRTEM). 

The surface elemental analysis of MnOOH was carried out by XPS 

using a commercial spectrometer (UNI-SPECS UHV) with a base pressure lower 

than 10–7 Pa. The Mg Kα line was used (hv = 1254.6 eV) as the ionization source 

and the pass energy of the analyzer was set to 15 eV. The inelastic background of 

the C 1s, O 1s, and Mn 2p3/2 high-resolution spectra was subtracted using the 

Shirley method. The composition was determined by the relative proportions of 

the peak areas corrected by the Scofield's atomic sensitivity factors with an 

accuracy of ±5%. The deconvolution of the experimental spectra was performed 

using a Voigtian type function, with Gaussian (70%) and Lorentzian (30%) 

combinations. The width at half height varied between 1.0 and 2.0 eV and the 

position of the peaks was determined with an accuracy of ±0.1 eV with respect to 

the hydrocarbon peak located at 295.0 eV.  

Electrochemical impedance (EI) measurements (±10 mV of 

perturbation from 5 kHz to 1 mHz) and cyclic voltammetry (CV) measurements 

(20 mV s–1) were performed in an acidified (H2SO4, pH 3) 0.1 mol L–1 Na2SO4 

solution at ambient conditions and using a conventional three-electrode cell with 

a Pt foil and an Ag/AgCl/KCl (3 mol L–1) as a counter and reference electrode, 

respectively. The working electrode was composed of a carbon paper substrate as 

current collector on which a slurry containing a mixture of MnOOH (75% m/m), 

prepared at different treatment times (as-prepared, 3 h, and 6 h), XC-72 carbon 

(20% m/m from Cabot) and polyvinylidene fluoride (5% m/m from Sigma 

Aldrich) was deposited by drop coating. The slurry was previously mashed in an 
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agate mortar and dispersed in 500 μL of N-methyl pyrrolidone. Before 

electrochemical assays, the as-prepared electrodes were dried at 60 ºC for 12 h. 

All measurements were carried out in the dark.  

To further confirm the oxidation state of manganese in MnOOH 

(before and during degradation experiments at specific time intervals), a 

potentiometric titration method originally described by Vetter and Jaeger71 and 

adapted by Cheng et al.72 was used. Briefly, 50 mg of MnOOH was dissolved in 

25 mL of a 0.25 mol L–1 FeSO4 solution acidified with H2SO4 (Eq. 21). Then, the 

solution was diluted to 100 mL with deionized water. The resulting mixture was 

titrated using a previously standardized 0.5 mol L–1 KMnO4 solution (Eq. 22) to 

obtain the first endpoint (V1). Subsequently, Na4P2O7·10H2O (solid) was added to 

the previous solution until a pH value between 6 and 7 was reached. Finally, 

titration was resumed (Eq. 23) until the second endpoint (V2) was reached. The x 

value of the equations was calculated according to (Eq. 24).  

MnOx⸱mH2O + (2x-2)Fe2+ + 2xH+ → Mn2+ + (2x-2)Fe3+ + (x+m)H2O    (21) 

5Fe2+ + MnO4
– + 8H+ → 5Fe3+ + Mn2+ + 4H2O       (22) 

4Mn2+ + MnO4
– + 8H+ + 15H2P2O7

2– → 5Mn(H2P2O7)3
3– + 4H2O    (23) 

𝑥 = 1 + (
5×(𝑉0−𝑉1)

2×[(4×𝑉2)−𝑉1]
)                    (24) 

where V0 is the endpoint volume of the same KMnO4 solution in the blank 

titration, i.e., without MnOOH. The endpoint of each titration was determined 

using a potentiometer with a Pt electrode and an Ag/AgCl/KCl (3 mol L–1) as 

reference electrode. 

All previous measurements were carried out for the as-prepared 

MnOOH and after 3 h (3-MnOOH) and 6 h (6-MnOOH) of treatment. For this 

purpose, before analysis, the catalyst samples were collected at specific times (3 
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and 6 h), filtered, washed three times with deionized water, and dried under 

vacuum in a desiccator for 12 h. 

 

2.4 – Oxidation and mineralization of CIP 

The in situ chemical activation of PMS using MnOOH for the 

oxidation and mineralization of CIP (50 mg L–1 – see chemical structure in 

FIGURE 1.2) was carried out in a glass vessel (1.5 L) equipped with a magnetic 

stirrer. The PMS solution was continuously added to the reaction vessel during 

experiments using a peristaltic pump at 0.12 mL min–1. The effect of different 

parameters such as the solution pH (3.0, 7.0, and 10.0), MnOOH dosage (0.5, 1.0, 

and 2.0 g L–1), and PMS concentration (1.0, 2.0, and 4.0 g L–1) were evaluated. 

The solution pH was continuously monitored and adjusted by adding concentrated 

H2SO4 or NaOH solutions (5 mol L–1). Other operational variables, such as the 

solution volume, treatment time, solution temperature, and stirring were kept 

constant at 1.0 L, 360 min, 25 °C, and 600 rpm, respectively. Samples were 

collected from the reaction mixture at predetermined time intervals, filtered 

through a 0.22 μm cellulose acetate cartridge, and quenched with excess Na2S2O3 

(1.0 mol L–1), except when residual oxidant was quantified. 

After optimization of the experimental conditions, a recycling test (5 

consecutive degradation experiments) was carried out. For this purpose, after each 

run, the MnOOH compound was recovered by vacuum filtration, washed 

thoroughly with deionized water, and dried under vacuum before further use. 

 

2.5 – Analyses of degradation experiments 

The evolution of the CIP concentration was monitored by high-

performance liquid chromatography (HPLC, Shimadzu 20A) at 270 nm and using 

a core-shell C-18 reversed-phase column as the stationary phase (150 mm × 4.6 
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mm i.d., 5 μm particle size, 100 Å pore size, from Phenomenex®). A mixture of 

aqueous 0.1% (V/V) formic acid (eluent A) and methanol (eluent B) was used as 

the mobile phase in a gradient elution mode in the following sequence: from 10% 

to 90% of B in 10 min and then, back to 10% after 3 min. The last condition was 

kept for 2 min before subsequent analyses. The flow rate, injection volume, and 

temperature of the column were kept fixed at 1.0 mL min–1, 25 μL, and 24 °C, 

respectively. 

The intermediates formed during the CIP degradation process were 

determined by ultra-high performance liquid chromatography coupled to a time-

of-flight mass analyzer (UHPLC-QToF MS), according to a methodology 

described in TEXT A1 available in the APPENDIX A. 

The short-chain carboxylic acids were also determined by HPLC. 

For such, a RezexTM ROA-H column (300 mm × 7.8 mm i.d., 8 μm particle size, 

from Phenomenex®) as the stationary phase and a 2.5 mmol L–1 H2SO4 solution 

as the mobile phase were used at 0.5 mL min–1. The carboxylic acids were 

identified by comparing their retention times with those of previously analyzed 

standards. The injection volume, detection wavelength, and the temperature of the 

column were 25 μL, 210 nm, and 23 °C, respectively. 

Inorganic ions were also analyzed by HPLC with a conductivity 

detector (Shimadzu CDD-10A SP). For anion determination, a Shodex SI-52 4E 

column at 45 °C and 3.6 mmol L–1 Na2CO3 solution at 0.8 mL min–1 was used as 

the stationary and mobile phases, respectively. For this analysis, a chemically 

suppressor system (Thermo ScientificTM ACRS 500) pumping a regenerating 

solution of 3.6 mmol L–1 H2SO4 at 0.8 mL min–1 was used. Concerning cation 

determination, a Shodex YS-50 column at 40 °C and a mixture of 4.0 mmol L–1 

oxalic acid and 6.0 mmol–1 tartaric acid solution at 1.0 mL min–1 were used 

without the suppressor system. 
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The amount of residual oxidant was determined using the 

spectrophotometric method adapted from the work of Liang et al.73. Briefly, 2.9 

mL of a 0.6 mol L–1 KI solution and 0.06 mol L–1 NaHCO3 solution were added 

to 1.0 mL of sample previously filtered. The resulting solutions were hand-shaken 

and allowed to equilibrate for 15 min before analysis in a UV-Vis 

spectrophotometer (Shimadzu UV-1800) at 352 nm.  

Total organic carbon concentration ([TOC]) was measured with a GE 

Sievers Innovox analyzer. The [TOC] determination was performed after mixing 

a diluted volume of sample with Na2S2O8 (30% m/V) and H3PO4 (6 mol L–1) 

solutions. The TOC content was analyzed by subtraction of the measured values 

of inorganic and total carbon, in terms of produced CO2. More experimental 

details can be found in our previous works74, 75. 

To identify the main working oxidant species, ESR tests were also 

carried out using DMPO and TEMP solutions as spin probes to confirm the 

presence of radicals (mainly HO•) and non-radicals (1O2) oxidant species, 

respectively. The ESR measurements were performed in an E-109 X-band Varian 

system spectrometer, using a rectangular cavity at room temperature. A 200 μL 

flat quartz cell was used to analyze samples. To elucidate the chemical structure 

of the main byproducts resulting from DMPO oxidation, UHPLC-QToF MS 

analyses were carried out. All these experimental details can be seen in TEXT A2, 

available in the APPENDIX A. 
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3 - RESULTS AND DISCUSSIONS 

3.1 − Characterization of MnOOH 

FIGURE 3.1a shows TEM images of the as-prepared MnOOH 

oxyhydroxide compound. The morphology of the catalyst exhibited a rod-like 

structure with a length and diameter ranging from 130 to 270 nm and 20–30 nm, 

respectively, corroborating the work of Crisostomo et al.70. To confirm the 

crystallinity of MnOOH nanoparticles HRTEM micrography can be seen in 

FIGURE 3.1b. The lattice fringe spacing was close to 3.4 Å, corresponding to the 

(111̅) diffraction plane of MnOOH70.  

 

 

FIGURE 3.1 − a) Transmission electron microscope (TEM) image and b) high-

resolution TEM (HRTEM) of the as-prepared MnOOH. 

 

FIGURE 3.2 shows the XRD of the as-prepared catalyst on which 

the diffraction pattern can be indexed to the ICSD card number 98–008–4949. No 

impurities were observed in the XRD pattern. 
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FIGURE 3.2 − X-ray diffraction (XRD) patterns of the as-prepared MnOOH 

compound.  Note: most peaks were in accordance with the ICSD card Nº 98-008-

4949 (Manganite), expect the diffraction peak at ~20º. This last seems to refer to 

another crystalline phase of MnOOH (ICSD Nº 98-008-4948: Groutite). 

 

To further confirm the surface composition of the MnOOH, XPS 

analyses were performed. As shown in FIGURE 3.3, the high-resolution C 1s 

spectrum was deconvoluted into four peaks related to hydrocarbons (C–H) at 

284.8 eV and oxygenated groups of alcohol/ether (C–O type at 286.2 eV), 

carbonyl (C=O at 287.8 eV), and carboxyl (–O–C=O at 289.4 eV)76. The presence 

of carbon functional groups is typical for ex situ analysis and derives mainly from 

physiosorbed surface contamination. However, it cannot be excluded that part of 

these functional groups, such as carboxyl was attached to the catalyst during the 

synthesis procedure and during longer treatment periods. These functional groups 

have to be taken into account in terms of the adsorption performance of 

MnOOH77, as discussed below.  
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FIGURE 3.3 − High-resolution XPS spectrum of C 1s for the as-prepared 

MnOOH compound. 

 

The signals of O 1s were resolved into four peaks, as can be seen in 

FIGURE 3.4a. The main components of all spectra are related to O–Mn (O–2) type 

bonds at 529.5 eV and hydroxyl groups (HO–Mn) on the oxide/hydroxyl near 

surface at 530.8 eV76. In addition, the components of oxygenated groups at 

530.8 eV (O=C), 532.1 eV (O–C), and 533.1 eV (O–C=O) were previously 

identified in the C 1s spectrum. Besides, the peaks of Mn 2p3/2 spectrum (FIGURE 

3.4b) were resolved into four peaks corresponding to MnO (640.7 eV), 

MnOOH/Mn2O3 (642.1 eV), MnO2 (643.5 eV), and MnO3 (645.0 eV)76. The 

above results confirm the successful synthesis of MnOOH. 
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FIGURE 3.4 − High-resolution XPS spectra of a) O 1s and b) Mn 2p3/2 for the 

MnOOH compound for the as-prepared MnOOH 

 

3.2 − Catalytic performance evaluation 

3.2.1 − Performance of MnOOH/PMS system on CIP decomposition 

FIGURE 3.5 shows the evolution of the remaining fraction of CIP 

and TOC as a function of treatment time using 1.0 g L–1 of MnOOH and PMS at 

pH 3.0. The catalytic activity and adsorption performance of MnOOH were first 

monitored. As can be observed in FIGURE 3.5a, ∼25% CIP was adsorbed and/or 

oxidized in MnOOH after 6 h (see discussion below), which is likely due to 

hydrogen bonding between pollutant and the oxygen-containing functional groups 

in the catalyst, such as hydroxyl78, 79. The sole use of PMS led to 80% of CIP 

oxidation and only 10% converted to CO2 at the same treatment time (the 



RESULTS AND DISCUSSIONS   27 

 

observed TOC values fluctuation is quite common when low abatement values 

are attained80, 81). That behavior is probably due to the direct 

hydroxylation/dealkylation reaction on the piperazine ring of CIP by PMS82, 83. 

When catalyst and PMS were combined, the CIP molecule was completely 

oxidized in 3 h, whereas 60% of mineralization was achieved. To confirm whether 

the coupling was synergistic or not, CIP and TOC removal levels for the 

uncombined experiments (control experiments) were summed, as represented by 

the dashed line (named as theoretical line) in FIGURE 3.5. As the CIP and TOC 

removal levels using the MnOOH/PMS system were higher than the theoretical 

line (control experiments), a synergistic process was confirmed due to the in situ 

activation of PMS by MnOOH to produce powerful oxidizing species (see below). 

 

FIGURE 3.5 − Remaining fraction of CIP (CIP fraction) and TOC (TOC fraction) 

as a function of treatment time (t) for ( ) adsorption performance of MnOOH,      

( ) oxidation by PMS alone, and ( ) oxidation by the MnOOH/PMS system. The 

theoretical line is based on the sum of uncombined experiments (− −). Conditions: 

50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g L–1 PMS, pH 3.0, and 25 °C. Error bars 

refer to two repetitions. 



RESULTS AND DISCUSSIONS   28 

 

3.2.2 − Effects of solution pH 

The solution pH is a significant factor affecting the catalytic 

performance of heterogeneous reactions. Thus, an investigation into the effect of 

different pH conditions (3.0, 7.0, and 10.0) towards CIP oxidation and 

mineralization was conducted. Complete oxidation of CIP was attained in all 

studied pH conditions (∼100% in 3 h), as seen in FIGURE 3.6; however, a slight 

increase in the pseudo-first order kinetic constant from acidic to alkaline solutions 

was observed, as can be seen in TABLE A1.  

 

FIGURE 3.6 − Remaining fraction of CIP (CIP fraction) and TOC (TOC fraction) 

as a function of treatment time (t) at distinct pH values: ( ) 3.0; ( ) 7.0; ( ) 10.0. 

Conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g L–1 PMS, and 25 °C. Error 

bars refer to two repetitions. 

 

That behavior can be explained considering i) the dependence of the 

CIP species reactivity with solution pH (i.e., cationic, zwitterion/neutral, or 

anionic – pKa1 and pKa2 is equal to 6.09 and 8.6284, respectively) as reported by 
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Zhou et al.83 – in that work (only using CIP and PMS), the anionic and 

zwitterion/neutral species (pH > 7) were more susceptible to PMS (pKa = 9.485) 

oxidation due to the higher reactivity of the secondary amine in the piperazine 

ring – and ii) to the fact that at alkaline solutions, 1O2 oxidizing species can be 

also produced (Eq. 25)86, leading to a superior oxidation level. Now, taking into 

account the contribution mediated by the activated PMS with MnOOH, acidic 

solutions are expected to have an improved performance than at alkaline 

conditions due to surface charge repulsion (see discussion below). The last 

process might be more appropriate for similar rates of CIP oxidation (through 

PMS activation) from acidic to alkaline conditions than the one reported by Zhou 

et al.83, i.e. without PMS activation. It is also important to highlight that any 

structural modification of CIP can lead to a signal loss during HPLC analyses and, 

therefore, the amount of oxidant is crucial. 

HSO5
– + SO5

2– → 1O2 + 2SO4
2– + H+                  (25) 

An opposite effect was observed during TOC removal, i.e., acidic 

solutions led to superior mineralization levels and rates, as the type of oxidant 

(particularly, SO4
•– and HO• and not 1O2) is essential to convert CIP and its 

byproducts to CO2. That behavior can be explained by i) the surface charge of 

MnOOH, since metal oxides/hydroxides show a pH-dependent surface charging 

and ii) reactions mediated by 1O2. As the pH for the point of zero charge (pHpzc) 

was ca. 6.5 (see FIGURE A1), which is consistent with available literature68, it is 

expected that when the solution pH was over this value (7.0 and 10.0), the 

MnOOH surface charge was negative. So, PMS activation by MnOOH might be 

hindered due to electrostatic repulsion. Likewise, at basic conditions the observed 

oxidation without significant CO2 conversion is due to the produced low power 

1O2 species (Eq. 25) specially at pH 1086. 
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To assess the possible effect of homogeneous reaction mediated by 

Mn(II) species leaching from the MnOOH compound at acidic conditions, ion 

chromatography experiments were carried out. As seen in FIGURE A2, high 

levels (∼350 mg L–1) of Mn(II) were detected in the absence of PMS (only 

MnOOH and MnOOH+CIP – the last is probably due to a redox reaction between 

Mn(III)/Mn(IV) species with the piperazine group in CIP as described in 68, 87). 

When using PMS, independently of the organic compound, low Mn(II) leaching 

values were measured (∼25 mg L–1). On the solid surface, Mn(II) reduces PMS 

resulting in the formation of SO4
•–/HO• and MnO2 (i.e., Mn(IV) and catalyst 

deactivation) as already described elsewhere68, 88, 89. In solution, the possible 

formation of unstable Mn(III) from Mn(II) species (Eq. 26 and Eq. 27) can lead 

to a disproportionation reaction resulting in the formation of low reactive MnO2 

(Eq. 28). The Mn(III) species can also react with PMS (Eq. 29) to produce SO5
•– 

species and, possibly, 1O2 (Eq. 30)90. 

 

Mn2+ + HSO5
− → Mn3+ + SO4

−• + OH–                (26) 

Mn2+ + SO4
−• → Mn3+ + SO4

2−                  (27) 

2Mn3+ + 2H2O → Mn2+ + MnO2 + 4H+                (28) 

Mn3+ + HSO5
− → Mn2+ + SO5

−• + H+                 (29) 

2SO5
−• + H2O → 2HSO4

− + 1,5 1O2                 (30) 

 

To investigate the possible effect of homogeneous reactions at acidic 

conditions, experiments were carried out in solutions intentionally contaminated 

with Mn(II) and without the solid MnOOH catalyst. As seen in FIGURE 3.7, no 

significant oxidation or mineralization levels for CIP were observed in the 

presence of Mn(II) species, suggesting a negligible contribution of homogeneous 

reactions. A similar behavior was observed in the work of Anipsitakis and 
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Dionysiou88, in which distinct transition metallic ions (Co(II), Ce(III), Mn(II), 

Ni(II), Ru(III), and V(III)) were tested for the activation of H2O2, PMS (HSO5
–) 

and PDS (S2O8
2–). In the case of Mn(II) ions, PMS can be activated leading to 

trapped sulfate radicals, as represented by Eq. 31. 

 

Mn2+ + HSO5
− → [MnIII(SO4

−•)]2+ + OH–                (31) 

 

 

FIGURE 3.7 − Remaining fraction of CIP (CIP fraction) and TOC (TOC fraction) 

as a function of treatment time (t). Effect of homogeneous reactions for oxidation 

by ( ) PMS and ( ) Mn2+/PMS system. Conditions: 50 mg L–1 CIP, 350 mg L–1 

Mn2+, 1.0 g L–1 PMS, pH 3.0 and 25 °C. 

 

 

 



RESULTS AND DISCUSSIONS   32 

 

3.2.3 − Effect of PMS and MnOOH concentration 

The effects of PMS (1.0 – 4.0 g L–1) and MnOOH (0.5 – 2.0 g L–1) 

concentration on CIP oxidation and mineralization were investigated, as seen in 

FIGURE 3.8. As expected, the oxidation levels and rates (see TABLE A2) of CIP 

were enhanced at increasing concentrations of PMS. However, no significant 

differences for the CIP mineralization levels and rates were observed. A 

maximum of ∼60% TOC removal was attained after 6 h. That behavior might be 

caused by the insufficient active sites on the MnOOH surface, which limits the 

PMS activation. The use of PMS concentrations higher than 1 g L–1 can also result 

in an excess of unreacted oxidant (∼30% and ∼50% when using 2 and 4 g L–1, 

respectively, of PMS), as can be seen in FIGURE A3 for the experiments showed 

in FIGURE 3.8. 

 

FIGURE 3.8 − Remaining fraction of CIP (CIP fraction) and TOC (TOC fraction) 

as a function of treatment time (t) at distinct PMS concentration values: ( ) 1.0,    

( ) 2.0, and ( ) 4.0. g L–1. Conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, pH 3.0, 

and 25 °C. Error bars refer to two repetitions. 



RESULTS AND DISCUSSIONS   33 

 

The investigation of MnOOH concentration has not led to any 

significant oxidation levels and rates of CIP from 0.5 to 2.0 g L–1 (see FIGURE 

3.9), which confirms the hypothesis that the degradation of CIP is mainly 

influenced by oxidation with PMS. For TOC removal, a slight increase of 20% 

was noticed when the MnOOH concentration increased from 0.5 to 1.0 g L–1 after 

6 h, without further increments at 2.0 g L–1. This result was not expected, since by 

increasing the amount of catalyst, a higher number of adsorption sites available 

for PMS activation would be expected. That behavior may be due to the 

agglomeration of MnOOH particles found in solution, leading to no effective 

increment in the active area. Similar results were also reported for distinct 

heterogeneous systems91, 92. 

 

FIGURE 3.9 − Remaining fraction of CIP (CIP fraction) and TOC (TOC fraction) 

as a function of treatment time (t). Effect of MnOOH concentration:( ) 0.5 g L–1; 

( ) 1.0 g L–1; ( ) 2.0. g L–1. Conditions: 50 mg L–1 CIP, 2.0 g L–1 PMS, pH 3.0, 

and 25 °C. Error bars refer to two repetitions.  
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Thus, the optimized conditions were acidic solutions (pH 3.0) using 1.0 g L–1 of 

MnOOH and PMS at 25 °C, including TOC removal. The remaining analyzes 

were carried out at the same conditions. 

 

3.3 − CIP degradation products and pathways: UHPLC-QToF MS 

and carboxylic acid determinations 

For the optimized condition and considering the high levels of 

conversion to CO2, only five intermediates were identified (see TABLE A3) for 

the m/z values and FIGURE A4 for the total ion chromatographic profiles) using 

a UHPLC-QToF MS system (see FIGURE A5) for the MS/MS spectra of 

intermediates showed in TABLE A3. FIGURE 3.10 shows the proposed 

degradation route, in which oxidation (probably mediated by HO•, SO4
•–, and 1O2) 

is initiated on the side chain of the piperazine group due to its high electron 

density93 resulting in products with m/z 334.1198, 348.1355, and 362.1147. After 

successive loss of two formaldehyde groups followed by an amine group, 

byproducts with m/z 306.1258 and 263.0827 were produced, respectively. In the 

final stages of CIP oxidation, the production of carboxylic acids (mainly formic, 

acetic, propionic, and adipic acids – see FIGURE A6) clearly indicates the 

breakdown and oxidation of the aromatic ring as well as the piperazine moiety 

before complete conversion to CO2. The presence of F– ion species was 

investigated; however, no reliable concentration values were obtained due to 

interferences in the baseline of the conductivity measurements promoted by the 

PMS salt precursor. 
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FIGURE 3.10 − Proposed degradation pathways of CIP in the MnOOH/PMS 

system. Conditions: 50 mg L–1 CIP, 1.0 g L–1 PMS, 1.0 g L–1 MnOOH, pH 3.0, and 

25 °C. 

 

3.4 − Identification of the main working oxidants 

The ESR spectrum resulting from the reaction of MnOOH, PMS, and 

DMPO is displayed in FIGURE 3.11. An intense resonance triplet line (1:1:1) was 

observed from N magnetic dipole moment resulting from two consecutive 

addition reactions in the adjacent alpha carbon atom. A less intense resonance line 

split into a 1:2:2:1 was also observed and attributed to the DMPO-OH compound 

(DMPO-SO4 is unstable and easily hydrolyzed94). The hyperfine constant aH = aN 

= 16.1 G is slightly higher than the more common 14.9 G probably due to the 

variable ionic strength and solution pH close to 1095. 
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FIGURE 3.11 − Electron spin resonance measurement for the 

experiment using MnOOH (1.0 g L–1), PMS (1.0 g L–1), DMPO (100 mol L–1) at 

pH 3. ESR measurement conditions: microwave frequency 9.51334 GHz; field 

amplitude modulation 1.0 G; frequency modulation 100 kHz; time constant 0.064 

s; center field 3395 G; field sweep 100 G; sweep time 60 s; microwave power 20 

mW. 

The spectra named DMPO-(OH)2 (to simulate the alpha hydrogen 

abstraction, see the chemical structure in FIGURE A7), HO•, and RC• were 

simulated and combined (see red line). The carbon radical (RC•) showed a low 

intensity signal probably due to the use and manipulation of plastic tips and 

containers. No signals were observed in the presence of DMPO alone.  

To elucidate the main oxidation byproducts resulting from DMPO 

oxidation new ESR measurements were performed with small field modulation to 

resolve the superhyperfine splitting. The result suggests that the superhyperfine 

splitting is compatible with nuclear spin from three equivalent hydrogens of the 
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CH3 group and two equivalent hydrogens from two OH groups to unpaired 

electron on NO fragment indicating the DMPO-(OH)2 adduct (see FIGURE 3.12).  

 

FIGURE 3.12 − Electron spin resonance measurement for the experiment using 

MnOOH (1.0 g L–1), PMS (1.0 g L–1), DMPO (100 mol L–1) at pH 3. ESR 

measurement conditions: microwave frequency 9.51334 GHz; field amplitude 

modulation 0.2 G; frequency modulation 100 kHz; time constant 0.064 s; center 

field 3395 G; field sweep 100 G; sweep time 60 s; microwave power 20 mW. 

 

The spectrum named DMPO-(OH)2 was measured at appropriate 

ESR conditions (after 20 min reaction) to detail the superhyperfine splitting and 

was also properly simulated (see red line). The superhyperfine splitting is 

compatible with nuclear spin from three equivalent hydrogens of CH3 group and 

two equivalent hydrogens from two OH groups. (aN = 14.9 G, aCH3 = 0.52 G, and 

a(OH)2 = 0.90 G). See the reaction in FIGURE A7. 
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To confirm the latter possibility, UHPLC-QToF MS measurements 

were also carried out as previously described. As can be seen in the extracted ion 

chromatogram of FIGURE A8 and in the MS/MS spectra of FIGURE A9, DMPO-

OH (m/z 130.0860) and DMPO(OH)2 (m/z 148.0966) compounds were detected. 

The proposed fragmentation route for each compound is depicted in FIGURE 

A10, in agreement with studies of Domingues et al.96, Guo et al.97, and Pavlovic 

& Hopke98. Thus, the triplet signal results from two consecutive addition reactions 

involving HO• radicals. For the experiments using TEMP, the results were not 

conclusive as the characteristic triplet (1:1:1) was observed in the control 

experiment using PMS (1.0 g L–1). Hence, only small modifications were 

observed when using MnOOH and PMS (see the characteristic triplet signals in 

FIGURE A11). 

 

3.5 − Time evolution of MnOOH: morphological, structural, and 

electrical analyses 

To investigate and understand the morphological, structural, and 

electric changes taking place in the MnOOH catalyst during the CIP degradation 

in the presence of PMS, XPS, TEM, cyclic voltammetry, electrochemical 

impedance, and Mn average oxidation state analyses were carried out before (as-

prepared MnOOH) and after 3 h (3-MnOOH) and 6 h (6-MnOOH) of treatment in 

the optimized conditions. 

The deconvoluted high-resolution XPS C 1s spectra for the MnOOH 

at distinct conditions (as-prepared and after 3 and 6 h of treatment) are displayed 

in FIGURE 3.13. As mentioned above, the assigned carbon functional groups are 

typical for surface contamination, as the technique probes about 5 nm thick 

surface layer. For the 6 h sample, –CO3/–CO2 and –CF2/–CF3 termination groups 

appear at 289.9 eV and 292.1 eV, respectively. The presence of fluorine groups, 

also identified by the appearance of the F 1s signal (∼0.3 at% for the 6-MnOOH 
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and 0.2 at% for the 3-MnOOH) at ∼689 eV (not shown) is interesting and may 

indicate a direct electron transfer from MnOOH to the CIP molecule through the 

piperazine moiety. That behavior is corroborated by the i) presence of Mn(II) 

species detected in the treating solution which might be produced through electron 

transfer reactions between the piperazine moiety of CIP and MnOOH – see 

Kamagate et. al.68 and Zhang, H. & Huang, C. H.87 for more details and ii) 

adsorption/oxidation of CIP using MnOOH without oxidant – see FIGURE 3.5a. 

 

FIGURE 3.13 − High-resolution XPS spectra of C 1s for MnOOH at distinct 

conditions: as-prepared (MnOOH) and after 3 h (3-MnOOH) and 6 h (6-MnOOH) 

of treatment. Experimental conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g 

L–1 PMS, pH 3.0, and 25 °C 
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The main components of the O 1s spectra at 529.5 eV and 530.8 eV 

are related to O–Mn bonds (O–2 species) and hydroxylic groups on the 

oxide/hydroxide surface, respectively (see FIGURE 3.14). In addition, there are 

contributions of oxygenated groups resulting from contamination by 

hydrocarbons (O–C at ∼532.1 eV and O–C=O at ∼533.1 eV), previously 

identified in the C 1s spectra. For the 6-MnOOH sample, a –CO3 type termination 

at 531.8 eV and a high binding energy component (534.6 eV) were attributed to 

molecular H2O. 

 

FIGURE 3.14 − High-resolution XPS spectra of O 1s for MnOOH at distinct 

conditions: as-prepared (MnOOH), after 3 h (3-MnOOH), and 6 h (6-MnOOH) of 

treatment. Conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g L–1 PMS, pH 3.0, 

and 25 °C). 
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Some important features can be extracted from the XPS C 1s an O 

1s spectra for different collection times: i) a significant increase of the peak area 

related to the O–Mn bonds, from 23.4% (as-prepared) to 37.3% (3 h) and 39.1% 

(6 h), ii) subsequently a decrease of the HO–Mn components, from 45.0% (as-

prepared) to 44.9% (3 h) and 25.0% (6 h), and iii) appearance of new intensities 

after 6 h treatment, related to –CO3 and –CF2/–CF3 terminations. These findings 

suggest that MnOOH is oxidized to higher oxidation states (inactivation process), 

possibly supplying electrons to the oxidant (main process), and activating both 

PMS and the CIP molecule. As a result of the MnOOH inactivation, an outside-

in conversion reaction may take place, that is, forming a core-shell compound of 

Mn(III) covered by an oxide layer of higher oxidation states after 6 h of treatment. 

This finding is supported by the observed decrease in the TOC removal rate and 

cessation of oxidant consumption after ∼3 h, as shown below. The inactivation is 

probably caused by the thickening of the oxide layer that hinders the electron 

transfer to PMS (see discussion below). Moreover, the –CF2/–CF3 termination 

seems to confirm a direct electron transfer from MnOOH to CIP after a first phase 

of the adsorption process (see red circle in FIGURE 3.5a). 

To obtain more information on the inactivation process, Mn 2p3/2 

spectra were fitted with 4 and 5 components corresponding to different oxidation 

states of Mn (see FIGURE 3.15). For the as-prepared sample, the predominant 

intensity is related to MnOOH (or Mn2O3) at 642.1 eV with 44.6% peak area, 

followed by MnO2 at 643.5 eV (23.4%), MnO at 640.7 eV (22.9%), and MnO3 at 

645.0 eV (9.1%). For the 3-MnOOH sample, initially a partial reduction process 

takes place increasing the fraction of the MnO phase, probably due to the initial 

leaching of Mn(III) ions. However, the 6-MnOOH sample shows an increase of 

the oxidation on the sample surface after 6 h. The intensity of the MnO3 oxidation 

state increases on the expense of MnOOH, accompanied by the appearance of a 

new intensity at 536.6 eV attributed to the Mn2O7 phase. These results are 
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consistent with O 1s data, and find evidence of a significant decrease of the 

MnOOH phase (44.6–23.4%) during CIP degradation. 

 

FIGURE 3.15 − High-resolution XPS spectra of Mn 2p3/2 for MnOOH at distinct 

conditions: as-prepared (MnOOH), after 3 h (3-MnOOH), and 6 h (6-MnOOH) of 

treatment. Conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g L–1 PMS, pH 3.0, 

and 25 °C). 

 

To further understand the evolution of Mn average oxidation state 

potentiometric titration experiments were carried out. As shown in TABLE A4, 

the average oxidation state of Mn in the as-prepared sample increased from 3.02 

to 3.26 after 3 h and then to 3.36 after 6 h of treatment. The result confirms that 
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Mn(II) in the MnOOH compound is being gradually oxidized to Mn(IV) species 

and transferring electrons to CIP, but mainly to PMS. Such structural 

transformation was not confirmed by XRD whose diffraction pattern remained 

close to that of the as-prepared MnOOH (FIGURE 3.16).  

 

FIGURE 3.16 − X-ray diffraction (XRD) patterns for distinct conditions: as-

prepared (MnOOH) and after 6 h (6-MnOOH) of treatment (experimental 

conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g L–1 PMS, pH 3.0, and 25 °C). 

Note: most peaks were in accordance with the ICSD card Nº 98-008-4949 

(Manganite), expect the diffraction peak at ~20º. This last seems to refer to 

another crystalline phase of MnOOH (ICSD Nº 98-008-4948: Groutite). 

 

However, upon visual inspection of the assayed MnOOH compound, 

it can be readily attested that a color change from brown to black occurred 

(FIGURE 3.17). 
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FIGURE 3.17 − Images of MnOOH powders at distinct conditions: as-prepared 

(MnOOH), after 3 h (3-MnOOH), and 6 h (6-MnOOH) of treatment. 

 

HRTEM images of the as-prepared and 3-MnOOH confirm the 

appearance of an amorphous phase (shell) in the outer region of the MnOOH as 

seen in FIGURE 3.18a, in contrast to a crystalline region in the inner part of the 

particle. Note that such structure, i.e., core-shell, was not observed in the as-

prepared MnOOH (see the aligned fringes throughout the particle of FIGURE 

3.18b). 

 

FIGURE 3.18 − High-resolution TEM (HRTEM) for MnOOH at distinct 

conditions: a) after 3 h (3-MnOOH) of treatment and b) as-prepared (MnOOH). 

Conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g L–1 PMS, pH 3.0, and 25 °C. 
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CV measurements (20 mV s–1 and 2nd scan) for the 3-MnOOH, 6-

MnOOH, and as-prepared are shown in FIGURE 3.19. The electrochemical 

profile of the as-prepared sample is characterized by a capacitive behavior without 

clear oxidation and reduction peaks. That behavior is different from the one of 3-

MnOOH and 6-MnOOH samples, in which an oxidation (0.98 V vs. Ag/AgCl/KCl 

(3 mol L–1)) and reduction (0.81 V vs. Ag/AgCl/KCl (3 mol L–1)) peaks (Mn(III) 

to Mn(IV) with Na+ ion intercalation) can be clearly seen due to the produced 

MnO2 from reaction with PMS oxidant.  

 

FIGURE 3.19 − Cyclic voltammetry (20 mV s–1 and 2nd scan) measurements of 

the as-prepared MnOOH and after 3 (3-MnOOH) and 6 h (6-MnOOH) of 

treatment. The potential scan started from OCP (open circuit potential – 1 h rest 

before measurement). A 0.1 mol L–1 Na2SO4 (pH 3) solution at ambient 

conditions was used. The green arrows indicate the scan direction. 
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The electrochemical impedance of those samples is displayed in 

FIGURE 3.20. The equivalent circuit used to obtain the best fits of the 

experimental data was composed of the solution resistance (Rsol), carbon material 

charge transfer resistance (RC), and the oxide charge transfer resistance (Roxide) at 

high and medium to low frequencies, respectively. The constant phase elements 

CPEC are in parallel with the RC element and CPEOxide with the double layer from 

the oxide material at medium to low frequencies, respectively.  

 

FIGURE 3.20 - Complex plane for the MnOOH samples in the as-prepared 

condition and after 3 (3-MnOOH) and 6 h (6-MnOOH) of treatment. The 

equivalent circuit used to fit data generated (see continuous line) by 

electrochemical impedance is shown in the inset. A 0.1 mol L–1 Na2SO4 (pH 3) 

solution at ambient conditions was used. 
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The time evolution of the Roxide for the as-prepared, 3-MnOOH, and 

6-MnOOH shows in FIGURE A12 a resistance increase from 2.9 ±1.0 × 104 Ω 

(as-prepared) to 6.8 ±2.7 × 104 Ω (6 h), during PMS activation mediated by 

MnOOH, hindering further oxidant activation. This is also seen by the increase of 

the impedance modulus when comparing the 6-MnOOH with the as-prepared 

sample (FIGURE 3.21). 

 

FIGURE 3.21 − Bode plots for the MnOOH samples in the as-prepared condition 

and after 3 (3-MnOOH) and 6 h (6-MnOOH) of treatment. A 0.1 mol L–1 Na2SO4 

(pH 3) solution at ambient conditions was used. 

 

Taking into account the post mortem analyses, a decrease in the 

efficiency of the MnOOH/MnO2 compound during the recycling test would be 

expected. However, from the second until the fifth run, the oxidation of CIP 

remained close to the results of the as-prepared material, as seen in FIGURE 3.22.  
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FIGURE 3.22 - Remaining fraction of CIP (CIP fraction) as a function of 

treatment time (t) for five consecutive experiments. The oxide material was 

vacuum filtered and dried before use. Experimental conditions: 50 mg L–1 CIP, 

1.0 g L–1 MnOOH, pH 3.0, and 25 °C. 

 

During such experiments and after adding PMS, the black 

MnOOH/MnO2 composite turned to the brown color, similar to the as-prepared 

material. As discussed in detail in the work of Li et al. 99, this might indicate that 

Mn(IV) was reduced by adsorbed PMS to Mn(III) whose degree will certainly 

depend on the PMS concentration and oxide termination groups. Further studies 

will be carried out to understand that behavior. 
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4 − CONCLUSIONS 

 

Nanometric MnOOH oxyhydroxide was successfully synthesized to 

activate peroxymonosulfate (PMS) oxidant under acidic conditions. In the 

optimized experimental condition, within 3 h a complete oxidation of CIP 

antibiotic with more than 60% mineralization within 6 h was attained, without 

contributions from homogeneous reactions (i.e., Mn(II) species). A low number 

and intensity of intermediate compounds were detected by UHPLC-QToF MS due 

to the high oxidizing conditions leading to the production of carboxylic acid and 

inorganic ions. The latter specie was only detected by XPS on the surface of 

MnOOH after 6 h treatment. Thus, the CIP molecule might be oxidized through 

i) PMS activation promoted by MnOOH resulting in HO• radicals and, to a minor 

extent, ii) directly on the MnOOH surface through direct electron transfer. The 

preceding result was confirmed by ESR measurements and structural changes that 

took place on the MnOOH surface, i.e., an increase of the oxidation state of Mn 

oxides at the expense of MnOOH, as evidenced by XPS and potentiometric 

titration. The Mn oxidation led to the formation of an amorphous shell structure 

of MnO2 and MnO3 over the MnOOH crystallites with the subsequent increase of 

the charge transfer resistance that hindered the electron transfer to the PMS 

oxidant or CIP byproducts. Apparently, these behaviors seem to be recovered 

when using a freshly prepared PMS solution. These findings may shed light on 

the synthesis of improved/engineered compounds to activate oxidants. 
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APPENDIX A 

TEXT A1  

UHPLC chromatographic conditions for the CIP oxidation byproducts 

The samples were analyzed using an Agilent 1290 Infinity II Ultra 

High-Performance Liquid Chromatograph (UHPLC – from Agilent Technologies, 

Santa Clara, CA, USA). Chromatographic separation was performed using a 

Zorbax Eclipse Plus C18 column (50 mm × 2.1 mm i.d., 1.8 µm, Agilent, USA). 

The mobile phase consisted of 0.1% formic acid solution (solvent A) and 

methanol (solvent B). The chromatographic gradient used was as follows: 0-20 

min, 65% B; 20-24 min, 65 to 85% B; 24-27 min, 85-65% B. Column oven and 

autosampler temperatures were set to 30 and 10°C, respectively. The mobile phase 

flow and injection volume were 0.250 mL min−1 and 2.0 µL, respectively. 

 

Q-ToF MS analyses 

Mass spectra were obtained using an Agilent 6545B Q-ToF MS 

system (Agilent Technologies, Santa Clara, CA, USA) equipped with an ESI Jet 

interface, operated in positive ion mode using a capillary voltage of 4.0 kV. The 

desolvation gas flow was 11 L min–1 and the gas flow in the cone was 8 L min–1. 

The low and high collision energies were 6 V and from 12 to 17 V, respectively. 

Molecular ion and fragment ions were simultaneously obtained by the MSE 

acquisition mode. Data collected were analyzed ranging between 100 and 1000 

Da and processed by the MassHunter Workstation Software version B.08.00 

(Agilent Technologies, Santa Clara, CA, USA). 
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Analysis of CIP degradation products by UHPL-Q-ToF MS 

The Q-ToF MS analyses were carried out in the MS fullscan and 

MSE modes to obtain information about the exact masses of the CIP standard and 

possible degradation products. For the sample analysis, we obtained work 

solutions of 10 mg L–1 diluted in ultrapure H2O (Milli-Q Direct - Q 3 UV, 

Millipore, Billerica, MA, USA). The total ion chromatograms (TIC) of samples 

in the ESI+ positive ionization mode showed peaks of ion intensities 

corresponding to the degradation products of ciprofloxacin (CIP). The 

spectrometric parameters were optimized for the CIP standard. For identification 

of the main degradation products, several parameters were evaluated at low and 

high different collision energies. 
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TEXT A2 

Experimental details for elucidating working oxidants 

The use of DMPO and TEMP as spin probe were carried out using 5 

mL of deionized H2O (pH 3). In a typical experiment, 5 mg of MnOOH and 5 mg 

of PMS (corresponding to 1.0 g L–1 of each compound) were transferred to a 20 

mL glass flask. Then, acidified H2O (5 mL – pH 3) were added to start the reaction 

under magnetic stirring. After a 1 min reaction, 125 µL of a 4 mol L–1 DMPO 

(final concentration of 100 mmol L–1) solution was added and the reaction was let 

for 1 min under stirring. After this time, to a 1 mL of sample, NaOH solution (60 

µL of a 0.125 mol L–1) was added to precipitate Mn(II) ions (pH ~7). Then, the 

samples were centrifuged for 30 s to separate the solid MnOOH. For ESR 

analyses, 200 µL of samples was transferred to a quartz capillary tube. The same 

procedure was used for the UHPLC analyses - see below the analyses details. 

For the experiment using TEMP (50 mmol L–1), only ESR 

measurements were carried out.  

 

UHPLC chromatographic conditions for the DMPO oxidation byproducts 

The oxidation products resulting from DMPO oxidation by unknown 

radicals were carried out by UHPLC using a Zorbax Eclipse Plus C18 column (50 

mm × 2.1 mm i.d., 1.8 µm, Agilent, USA). The mobile phase consisted of 0.1% 

formic acid solution (solvent A) and acetonitrile (solvent B). A gradient elution 

mode at 0.350 mLmin–1 was used to separate the main products according to the 

following sequence: 0-1 min, 5% B; 1-10 min, 95% B; 10-10.1 min, 95-5% B; 

and 10.5-13 min, 5% B. The injection volume, column, and autosampler 

temperatures were set to 1.0 µL and 35ºC, respectively. 
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Q-TOF/MS analyses 

Qualitative analyses were performed using an Agilent 6545B Q-ToF 

MS system (Agilent Technologies, Santa Clara, CA, USA) equipped with an ESI 

Jet interface, operated in positive ion mode using a capillary voltage of 2.0 kV. 

The desolvation gas flow and gas flow in the cone were 11 Lmin–1 and 10 Lmin–

1, respectively. The collision energies ranged from 5 V to 16 V. Other variables 

such as source temperature, fragmentation voltage, skimmer voltage, and nozzle 

voltage were set to 300ºC, 40 V, 35 V and 225 V, respectively. Molecular and 

fragment ions were simultaneously obtained by the MSE acquisition mode. Data 

collected were analyzed ranging from 50 to 600 Da and processed by the 

MassHunter Workstation Software version B.08.00 (Agilent Technologies, Santa 

Clara, CA, USA). 
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TABLE A1 - Pseudo-first order kinetic constants (k) for the removal of CIP and 

TOC at different pH conditions. Experimental conditions: 50 mg L–1 CIP, 1.0 g 

L–1 MnOOH, 1.0 g L–1 PMS, and 25 °C. Mean values were obtained after two 

repetitions. 

 

pH 
CIP fraction TOC fraction 

k1st / 10-3 min-1 R2 k1st / 10-3 min-1 R2 

3.0 11 ±1 0.97 ±0.01 3.3 ±0.8 0.967 ±0.001 

7.0 17 ±1 0.998 ±0.001 1.1 ±0.1 0.95 ±0.04 

10.0 18 ±2 0.996 ±0.003 - - 
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FIGURE A1 − Evolution of the zeta potential values as a function of the solution 

pH for the as-prepared MnOOH. 

An indirect method proposed by Cattania et al. [1] and using XPS 

measurements was also carried out to estimate the pHpzc of the catalyst. In this 

method, the pHpzc is determined using the chemical shifts of different components 

in MnOOH together with the linear relationship shown in eq. 1: 

 

pHpzc = 11.32 – 1.14((BEO1s oxide – 530.0) + (BEcation - BEmetal))   (1) 

 

where BE is the binding energy of the target component. In this case, BEcation = 

642.1 eV, BEO1s oxide = 530.8 eV and, BEmetal = 639.0 eV (value for Mn(s) obtained 

from [2]). Thus, the pHpzc calculated was 6.9, a value that is in the range reported 

in the literature for synthetic and mineral MnOOH [3–6]. 

 

[1] M.G. Cattania, S. Ardizzone, C.L. Bianchi, S. Carella, An experimental correlation between points 

of zero charge and X-ray photoelectron spectroscopy chemical shifts of oxides, Colloids Surf. 

Physicochem. Eng. Asp. 76 (1993) 233–240. https://doi.org/10.1016/0927-7757(93)80083-Q. 

[2] D. Briggs, in: D.E. Packham (Ed.), Handb. Adhes., John Wiley & Sons, Ltd, Chichester, UK, 2005: 

pp. 621–622. https://doi.org/10.1002/0470014229.ch22. 
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[3] S. Guo, W. Sun, W. Yang, Q. Li, J.K. Shang, Superior As( III ) removal performance of hydrous 

MnOOH nanorods from water, RSC Adv. 5 (2015) 53280–53288. 

https://doi.org/10.1039/C5RA09157H. 

[4] M. Ramstedt, B.M. Andersson, A. Shchukarev, S. Sjöberg, Surface properties of hydrous manganite 

(γ-MnOOH). A potentiometric, electroacoustic, and X-ray photoelectron spectroscopy Study, 

Langmuir. 20 (2004) 8224–8229. https://doi.org/10.1021/la0496338. 

[5] X. Xu, Y. Zhang, S. Zhou, R. Huang, S. Huang, H. Kuang, X. Zeng, S. Zhao, Activation of 

persulfate by MnOOH: degradation of organic compounds by nonradical mechanism, 

Chemosphere. 272 (2021) 129629. https://doi.org/10.1016/j.chemosphere.2021.129629. 

[6] M. Kosmulski, Compilation of PZC and IEP of sparingly soluble metal oxides and hydroxides 

from literature, Adv. Colloid Interface Sci. 152 (2009) 14–25. https://doi.org/10.1016/j.cis.2009.08.003. 
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FIGURE A2 – Concentration of Mn(II) species leaching from the MnOOH during 

the reaction at acidic conditions for ( ) MnOOH alone, ( ) MnOOH/CIP, ( ) 

MnOOH/PMS, and ( ) MnOOH/CIP/PMS systems. Conditions: 50 mg L–1 CIP, 

1.0 g L–1 MnOOH, 1.0 g L–1 PMS, pH 3.0, and 25 °C. 
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TABLE A2 - Pseudo-first order kinetic constants (k) for the removal of CIP and 

TOC at different PMS concentrations. Reaction conditions: 50 mg L–1 CIP, 1.0 g 

L–1 MnOOH, pH 3.0, and 25 °C. Mean values were obtained after two repetitions. 

[PMS] / g L-1 
CIP fraction TOC fraction 

k1st / 10-3 min-1 R2 k1st / 10-3 min-1 R2 

1.0 11 ±1 0.97 ±0.01 3 ±1 0.967 ±0.001 

2.0 23 ±1 0.98 ±0.01 6 ±1 0.94 ±0.04 

4.0 33 ±2 0.97 ±0.01 3. 0 ±0.4 0.89 ±0.03 
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FIGURE A3 - Oxidant consumption during the CIP removal using different PMS 

concentrations: ( ) 1.0, (▷) 2.0, and ( ) 4.0 g L–1. Experimental conditions: 50 

mg L–1 CIP, 1.0 g L–1 MnOOH, pH 3.0, and 25 °C. Error bars refer to two 

repetitions. 
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TABLE A3 - Retention times, detected peaks in the ESI+ mass spectra, and 

assignments for degradation products of CIP. 

 

Product 
Retention 

time / min 

ESI Mode  

m/z  Attribution (ESI+)  Error / ppm 

CIP 8.974 332.1408 [M+H]+ -0.602 

  314.1304 [M+H-H2O]+  

  288.1507 [M+H-H2O-CO2]+  

  245.1081 [M+H-CO2-C2H5N]+  

P1 8.182 306.1258 [M+H]+ 1.307 

  288.1142 [M+H-H2O]+  

P2 9.612 348.1355 [M+H]+ -1.436 

  330.1243 [M+H-H2O]+  

P3 6.453 334.1198 [M+H]+ -1.496 

  316.1039 [M+H-H2O]+  

P4 11.425 362.1147 [M+H]+ -1.380 

  344.1039 [M+H-H2O]+  

P5 14.052 263.0827 [M+H]+ -1.900 

  245.0722 [M+H-H2O]+  

Experimental conditions: 50 mg L–1 CIP, 1.0 g L–1 MnOOH, 1.0 g L–1 PMS, pH 3.0 and 25 °C. 
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FIGURE A4 - Total ion chromatographic (TIC) profiles obtained from the 

separation method developed for CIP in the UHPLC-QToF MS mode at distinct 

treatment time: a) 0 h, b) 1 h, c) 2 h, d) 3 h, e) 4 h, f) 5 h, and g) 6 h. 
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FIGURE A5 - UHPLC-QToF MS analyses by MSE acquisition mode for CIP and 

its degradation products: a) CIP, b) P1, c) P2, d) P3, e) P4, and f) P5. Experimental 

conditions: 50 mg L–1 CIP, 1.0 g L–1 PMS, 1.0 g L–1 MnOOH, pH 3.0, and 25 °C. 
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FIGURE A6 - Concentration evolution of the main detected carboxylic acids as a 

function of the treatment time (t) during the CIP degradation in the MnOOH/PMS 

system: (×) formic, (+) acetic, ( ) propionic, and ( ) adipic acid. Experimental 

conditions: 50 mg L–1 CIP, 1.0 g L–1 PMS, 1.0 g L–1 MnOOH, pH 3.0, and 25 °C. 
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FIGURE A7 – Chemical structure of DMPO, DMPO-(OH) and DMPO-(OH)2. 
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FIGURE A8 - Extracted ion chromatogram for identification of DMPO, DMPO-

OH (P1) and DMPO-(OH)2 (P2) by UHPLC-QToF MS. 
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FIGURE A9 - MS/MS spectra of a) DMPO and its oxidation byproducts b) 

DMPO-OH, and c) DMPO-(OH)2. 
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FIGURE A10 - Proposed fragmentation route for the DMPO (m/z 114.0913), 

DMPO-OH (P1: m/z 130.0863), and DMPO-(OH)2 (P2: m/z 148.0966) 

compounds. 
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FIGURE A11 - Electron spin resonance measurement for the experiment using 

TEMP (black line) and TEMP in the presence of PMS (red line). Conditions: 

[TEMP] = 50 mmol L–1 and [PMS] = 1.0 g L–1. No significant modifications were 

observed in the presence of MnOOH. 

ESR measurement conditions: microwave frequency 9.51334 GHz; field 

amplitude modulation 1.0 G; frequency modulation 100 kHz; time constant 0.064 

s; center field 3395 G; field sweep 100 G; sweep time 60 s; microwave power 20 

mW. 
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TABLE A4 - Average oxidation state of Mn for MnOOH at distinct conditions: 

as-prepared (MnOOH) and after 3 h (3-MnOOH) and 6 h (6-MnOOH) of 

treatment. Experimental conditions: 50 mg L–1 CIP, 1.0 g L–1 PMS, 1.0 g L–1 

MnOOH, pH 3.0, and 25 °C. Mean values were obtained after three repetitions. 

 

Sample Mn average oxidation state 

MnOOH 3.02 ±0.03 

3-MnOOH 3.26 ±0.03 

6-MnOOH 3.357 ±0.001 
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FIGURE A12 - Time evolution of the charge transfer resistance (Roxide) before and 

after use of the MnOOH compound to activate PMS. The exposed area was close 

to 1 cm2. Error bars refer to three repetitions. 
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