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PREFACE 

- People need water as they need oxygen; without it, life could not exist.  

 

 

Water has always been intrinsically connected with all aspects of the human 

development. However, since humans started to settle down and form population clusters, 

including cities, the ability of natural water purification processes to promote wastewater 

recycling has been surpassed by the potable water requirements for human activities. 

Nowadays, with the increasing scarcity of clean water sources, and the dramatic rise of the 

world population, artificial water management methods became of utmost importance, 

namely for wastewater treatment and reuse. Consequently, there is a clear demand for 

further action in the water sector worldwide, Portugal included. As a young researcher I 

want to do something in this regard.  

In a broad perspective, through the Ph.D. studies herein presented —performed from July, 

2014 to June, 2018— I was able to participate in the settling of an alternative technology for 

the treatment of recalcitrant organic pollutants typically not treatable by conventional 

means of water treatment. This Ph.D. dissertation can therefore be considered a first step 

to achieve my long-term career purpose.  

International research articles are easier disseminated and accessible to a larger part of 

the scientific community when compared to Ph.D. dissertations, while also allowing an 

ongoing evaluation of the work progress. Bearing this in mind, publishing research articles 

during the period of these Ph.D. studies was considered the most suitable pathway to achieve 

my personal and scientific goals. As a result of this approach, this Ph.D. dissertation gathers 

the most significant findings arising from the tasks I have performed during all the steps 

involved in the preparation of 7 scientific articles published in international peer reviewed 

ISI indexed journals: 
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ABSTRACT 

Catalyst design plays a crucial role in catalytic wet peroxide oxidation (CWPO), since this 

water treatment technology relies on the catalytic decomposition of hydrogen peroxide 

(H2O2) via formation of hydroxyl radicals (HO•), which are very powerful and effective 

oxidants for the destruction of a huge range of recalcitrant organic pollutants. Several 

motivations have prompted the present Ph.D. studies on the synthesis and application of 

hybrid magnetic carbon nanocomposites in CWPO. Among these, a special focus was given 

to the synergies that can arise from the combination of highly active and magnetically 

separable iron species with the easily tuned properties of carbon-based materials. Bearing 

this in mind, the main objective of my studies was the synthesis of hybrid magnetic carbon 

nanocomposites with high activity and stability characteristics for the CWPO of organic 

pollutants typically untreatable by conventional biological means. 

The first stage was devoted to the study of metal-free carbon materials. The results 

obtained highlighted the importance of the interplay between chemical and textural 

properties when developing efficient carbon-based catalysts for CWPO. Also of relevance 

were the adsorptive interactions between the pollutant molecules and the surface of the 

catalysts, when seeking for highly efficient CWPO applications.  

 Within the hybrid magnetic carbon composites, carbon structures decorated with 

magnetic particles were initially studied. For that purpose, magnetic carbon xerogels 

consisting of interconnected carbon microspheres with iron and/or cobalt microparticles 

embedded in their structure were prepared by inclusion of metal precursors during the 

sol-gel polymerization of resorcinol and formaldehyde, followed by thermal annealing. The 

results revealed a clear synergy arising from the simultaneous inclusion of iron and cobalt 

species within carbon frameworks, which was ascribed to (i) the enhanced accessibility to 

the active iron species at the surface of the catalyst promoted by the simultaneous 

incorporation of cobalt, (ii) the ability of metallic Co to catalyse H2O2 decomposition via HO• 

radicals formation, and (iii) the efficient reduction of Fe3+ to Fe2+ promoted by metallic Co 

on the surface of the bimetallic catalyst. 

Hybrid structures were considered afterwards in which the magnetic phase is protected 

against the environment by a carbonaceous shell. For that purpose, a hybrid magnetic 

graphitic nanocomposite, composed by a magnetite core and a graphitic shell, was 

synthesized by hierarchical co-assembly of magnetite nanoparticles and carbon precursors, 

followed by thermal annealing. It was found that the encapsulation of magnetite 

nanoparticles within carbon frameworks (iv) enhances the catalytic activity in CWPO when 



 

vi 

compared to bare magnetite, while (v) strongly limiting the leaching of iron species to the 

treated water. 

A high-performance hybrid magnetic graphitic nanocomposite, composed by a cobalt 

ferrite core and a graphitic shell (CoFe2O4/MGNC), was then prepared based on the findings 

previously obtained. The positive effects described in (ii) to (iv) were in this way potentially 

combined in the same nanocomposite. The application of this new generation catalyst 

enabled the treatment of a liquid effluent from a mechanical biological treatment plant for 

municipal solid waste, regardless of its very high pollutant load. In addition, a magnetic 

separation system was developed for the in-situ recovery of CoFe2O4/MGNC after the CWPO 

reaction stage. This approach allowed demonstrating the high stability of CoFe2O4/MGNC for 

CWPO, through a series of five CWPO reaction/magnetic separation sequential experiments 

performed in the same vessel. 

Although the works reported followed a current trend towards the application of CWPO 

under intensified conditions (i.e., with higher pollutant concentrations and lower catalyst 

loads), the ability of this water treatment technology for the elimination of contaminants of 

emerging concern was also evaluated. Specifically, the ability of CWPO for the degradation 

of the antimicrobial agent sulfamethoxazole in secondary treated wastewater was shown in 

a case-study performed during a short-term scientific mission for advanced training at the 

University of Patras, Greece, under the framework of COST Action ES1403: NEREUS.  

Summarizing, the knowledge on the surface reactions and interactions involved when 

CWPO is carried out in the presence of hybrid magnetic carbon nanocomposites, is the main 

contribution of my Ph.D. dissertation. This knowledge is fundamental for the design of 

materials with potential effectiveness for real-scale applications. 

 

 

 

 

 

 

 

 

 



 

vii 

RESUMO 

O desenvolvimento de catalisadores é crucial para a oxidação húmida catalítica com 

peróxido de hidrogénio (catalytic wet peroxide oxidation - CWPO), dado que esta tecnologia 

de tratamento de águas tem como base a decomposição catalítica de peróxido de hidrogénio 

(H2O2) via formação de radicais hidroxilo (HO•) —espécies com forte carater oxidante e 

capazes de promover a degradação de uma enorme variedade de poluentes orgânicos 

recalcitrantes. Foram várias as motivações que estiveram na origem destes estudos de 

doutoramento dedicados à síntese de compósitos nanoestruturados, contendo nanomateriais 

magnéticos e materiais de carbono, para aplicação em CWPO. Entre estas, foi dada 

particular atenção às sinergias que poderão resultar da combinação de espécies de ferro 

com elevada atividade e propriedades magnéticas, com materiais de carbono possuindo 

propriedades facilmente ajustadas. Tendo isto em consideração, o principal objetivo destes 

estudos centrou-se na síntese de compósitos nanoestruturados, contendo nanomateriais 

magnéticos e materiais de carbono, com elevada atividade e estabilidade para a CWPO de 

poluentes orgânicos não passiveis de tratamento por métodos biológicos convencionais. 

A primeira etapa incidiu no estudo de materiais de carbono sem metais. Os resultados 

obtidos salientaram a necessidade de manter um equilíbrio entre as propriedades químicas 

e estruturais quando se pretende desenvolver materiais à base de carbono com elevada 

eficiência para CWPO. Também relevantes são as interações entre as moléculas de poluente 

e a superfície dos catalisadores (adsorção), quando se pretende aplicações de CWPO com 

elevada eficiência.  

Entre os compósitos estruturados, o estudo iniciou-se com estruturas de carbono 

decoradas com partículas magnéticas. Para esse propósito foram preparados xerogéis de 

carbono magnéticos com microesferas de ferro e/ou cobalto embutidas na sua estrutura, 

resultantes da inclusão a partir de precursores metálicos durante a polimerização sol-gel do 

resorcinol com o formaldeído, seguida de redução térmica. Os resultados obtidos revelaram 

que a incorporação simultânea de espécies de ferro e de cobalto na estrutura de carbono 

origina a uma clara sinergia, como resultado (i) da maior acessibilidade aos centros ativos 

de ferro presentes na superfície do catalisador, promovida pela incorporação simultânea de 

cobalto, (ii) da capacidade do Co metálico catalisar a decomposição de H2O2 via formação 

de radicais HO•, e (iii) da redução eficiente de Fe3+ a Fe2+ promovida pelo Co metálico 

existente à superfície do catalisador bimetálico.  

De seguida foram utilizadas estruturas híbridas, em que a fase magnética é protegida por 

um recobrimento de carbono. Para esse propósito foi preparado um híbrido magnético à base 
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de um nanocompósito grafítico, com núcleo de magnetite revestido de material grafítico, 

através da associação hierárquica de nanopartículas de magnetite a precursores de carbono, 

seguida de redução térmica. Verificou-se que (iv) a atividade catalítica da magnetite é 

melhorada pela sua encapsulação na estrutura de carbono, ao mesmo tempo que (v) a 

lixiviação de ferro para a água tratada é fortemente contida.     

Com base nos resultados obtidos anteriormente, foi preparado um híbrido magnético à 

base de um nanocompósito grafítico de elevada performance, composto por núcleo de ferrite 

de cobalto e um revestimento de material grafítico (CoFe2O4/MGNC). Desta forma, os efeitos 

positivos descritos nos pontos (ii) a (iv) foram potencialmente combinados no mesmo 

nanocompósito. A aplicação deste catalisador de última geração permitiu efetuar o 

tratamento de um efluente líquido de uma unidade de tratamento mecânico e biológico de 

resíduos sólidos urbanos, apesar da sua elevada carga poluente. Para além disso, foi 

desenvolvido um sistema de separação magnética para a recuperação in-situ do 

CoFe2O4/MGNC após a etapa de reação de CWPO. Esta abordagem permitiu a demonstração 

da elevada estabilidade do CoFe2O4/MGNC em CWPO, nomeadamente através de uma série 

de cinco experiências sequenciais de reação CWPO/separação magnética realizada no 

mesmo recipiente.   

Embora os trabalhos reportados sigam uma tendência corrente para a aplicação da CWPO 

sob condições intensivas (i.e., com maiores concentrações de poluente e menores cargas de 

catalisador), também foi avaliada a capacidade desta tecnologia de tratamento de águas na 

eliminação de poluentes de preocupação emergente. Concretamente, foi demonstrada a 

capacidade da CWPO promover a degradação do agente antimicrobiano sulfametoxazol, 

presente em água residual tratada por métodos biológicos convencionais, num estudo 

efetuado durante uma missão científica de curta duração para formação avançada realizada 

na Universidade de Patras, Grécia, no âmbito da Ação COST ES1403: NEREUS.  

Em suma, a contribuição para o conhecimento das reações e das interações superficiais 

envolvidas quando a CWPO é levada a cabo na presença de compósitos nanoestruturados, 

contendo materiais magnéticos e de carbono, é o principal contributo da minha dissertação 

de doutoramento. Este conhecimento é fundamental na criação de materiais potencialmente 

eficazes para aplicações à escala real.  
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PART I: INTRODUCTION 

A broad introduction to these Ph.D. studies is initially provided in Part I, including the 

description of: 

- The thesis structure, in Chapter 1; 

- The relevance and motivation, and main objectives of these studies, in Chapters 2 and 

3, respectively; 

- The main experimental methods employed for the synthesis, characterization and 

application of the carbon-based catalysts in CWPO, in Chapter 4.   
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1.  THESIS OUTLINE 
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This Ph.D. dissertation is structured in five Parts, divided into ten Chapters. Final 

remarks, conclusions and future work are provided afterwards.  

Part I provides a broad Introduction, organized under Relevance and motivation (Chapter 

2), Objectives (Chapter 3) and Materials and methods (Chapter 4), in addition to the Thesis 

outline herein presented (Chapter 1).  

Part II is devoted to the study into how specific properties of Metal-free carbon materials 

affect their performance in catalytic wet peroxide oxidation (CWPO), including Glycerol-

based carbon materials (Chapter 5) and Graphene-based materials (Chapter 6). 

Part III and Part IV are fully devoted to the preparation, characterization and application 

of hybrid magnetic carbon nanocomposites in CWPO. Carbon embedded magnetic composites 

are addressed in Part III, through the detailed study of catalytic reactions occurring at the 

surface of Magnetic carbon xerogels (Chapter 7). Part IV is devoted to Carbon encapsulated 

magnetic composites, particularly to the study of the effects arising from the inclusion of 

magnetite nanoparticles in a graphitic structure during the synthesis of Hybrid magnetic 

graphitic nanocomposites (Chapter 8).  

Case studies implementing magnetic separation of catalysts are shown in Part V. These 

include the application of Magnetic carbon xerogels for the CWPO of sulfamethoxazole in 

environmentally relevant water matrices (Chapter 9), and Hybrid magnetic graphitic 

nanocomposites towards CWPO of the liquid effluent from a mechanical biological treatment 

plant for municipal solid waste (Chapter 10). 

Final remarks on these Ph.D. studies are gathered after Part V, followed by the main 

Conclusions and suggestions for Future Work. 

Supplementary information to this Ph.D. dissertation is provided in the Appendices. Lists 

with the most significant Publications and Communications in scientific meetings resulting 

from these Ph.D. studies are included in Appendix D, and Appendix E, respectively. 

 

The Ph.D. studies were carried out at the Associate Laboratory LSRE-LCM, except those 

shown in Chapter 9 related to the work performed during a short-term scientific mission for 

advanced training at the University of Patras, Greece, under the framework of European 

Cooperation in Science and Technology (COST) Action ES1403: New and emerging challenges 

and opportunities in wastewater reuse (NEREUS).  
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2.  RELEVANCE AND MOTIVATION 

 

 

 

 

1 
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Helder T. Gomes, Catalytic wet peroxide oxidation: a route towards the application of hybrid magnetic carbon 
nanocomposites for the degradation of organic pollutants. A review, Appl. Catal. B 187 (2016) 428-460 
DOI: 10.1016/j.apcatb.2016.01.033 
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Wastewater treatment, and even reuse, became of utmost importance with the increasing 

scarcity of clean water sources. Therefore, the development of efficient and economically 

viable technologies is presently of high priority in the policy agendas of European Union (EU) 

member states and many other countries around the world [1]. These technologies should 

be able to meet the increasingly demanding quality criteria for sustainable and safe urban 

water cycles and comply with the use of treated wastewater as a reliable alternative of 

water source. Accordingly, the development of efficient technologies capable of degrading 

toxic, persistent and bio-recalcitrant organic pollutants, as those commonly associated to 

negative impacts on conventional biological wastewater treatment processes, is needed. For 

instance, endocrine disrupting compounds, many types of pharmaceutical drugs including 

antibiotics, disinfection by-products, personal care products, metabolites, transformation 

products, pesticides, surfactants and biocides, that can be treated by the so called advanced 

oxidation processes (AOP), have received a great deal of attention from the scientific 

community [1].  

Among the AOP, catalytic wet peroxide oxidation (CWPO) is recognized as a relatively low 

cost technology [2], since it operates with simple equipment and under mild conditions (e.g., 

at atmospheric pressure and low to moderate temperatures) [3]. CWPO employs hydrogen 

peroxide (H2O2) as oxidation source and a suitable catalyst to promote its partial 

decomposition to hydroxyl radicals (HO•) —highly oxidizing species able to efficiently 

degrade most of the organic pollutants present in aqueous phase [4, 5]. Moreover, H2O2 is 

well-established as an environmentally-friendly agent, since its total decomposition 

products are oxygen and water, rendering CWPO-based water treatment technologies 

further attractive from an environmental point of view [3]. 

However, further optimization of catalyst design is still required in order to bring CWPO 

to the forefront of the most efficient AOP technologies. Bearing this in mind, the 

background, main developments, and mechanistic aspects of the CWPO process, specially 

related with the application of carbon-based catalysts, are presented in the following 

Sections. Under this context, the current research trend towards the application of hybrid 

magnetic carbon nanocomposites in CWPO is discussed based on the bibliometric analysis 

given in Figure 2.1. Afterwards, the main synthesis techniques used for the preparation of 

hybrid magnetic carbon nanocomposites are briefly presented. The criteria employed for the 

selection of nitrophenols as aqueous model systems for this Ph.D. dissertation are also 

described. In addition, all the aqueous model systems and real waste waters used in previous 

studies on the application of carbon-based catalysts in CWPO are listed in Table 2.1. 
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2.1. Catalytic wet peroxide oxidation: background, motivations and 

mechanistic aspects 

A route towards the application of hybrid magnetic carbon nanocomposites for the CWPO 

of organic pollutants is presented in the following Sections. In addition, the established main 

reaction mechanisms involved in the process are discussed. 

2.1.1. The Fenton process 

The catalytic oxidation of organic compounds using H2O2 as oxidant was first reported in 

the late 19th century, when the British researcher Henry John H. Fenton published his study 

on the oxidation of tartaric acid in the presence of iron salts [6]. In that study, it was 

demonstrated that tartaric acid can be oxidized by the interaction of small amounts of 

ferrous ion (Fe2+) with distinct oxidizing agents, H2O2 leading to the best results. Fenton 

concluded that Fe2+ takes part in the reaction as catalyst, with a very small amount being 

enough to promote the complete degradation of an almost unlimited quantity of tartaric 

acid without being consumed. 

In the 1930s, Fritz Haber and Joseph J. Weiss brought further insights on the phenomenon 

reported by Fenton, concluding that HO• radicals —generated from the reaction of H2O2 with 

the superoxide radical anion (O2
•–), the Haber-Weiss reaction, as described by Eq. 2.1 [7]— 

were actually the active species responsible for the oxidation of tartaric acid, and not H2O2 

itself. According to a subsequent work of these authors, the interaction between H2O2 and  

 

 
Figure 2.1. Evolution of Scopus’s indexed original research articles dealing with the application of 
carbon-based materials in CWPO processes, including the research articles resulting from the present 
Ph.D. studies (approximate duration period indicated by the horizontal dashed line). a Data collected 
from Scopus in November, 2017, using the following queries: “catalytic wet peroxide oxidation” and 
“Fenton”. 
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Table 2.1. List of organic pollutants employed for the application of carbon-based catalysts in CWPO 
processes, including the research articles resulting from the present Ph.D. studies. Some articles are 
reported more than once, corresponding to studies performed with more than one organic pollutant 

Class Pollutant 
CAS registry 

number 

Articles 
publisheda 

Reference(s) 

Dyes Methylene blue 61-73-4 31 [8-38] 

 Orange II 633-96-5 21 [21, 39-57] 

 Methyl orange 547-58-0 8 [20, 58-64] 

 Rhodamine B 81-88-9 5 [65-69] 

 Chromotrope 2R 4197-07-3 3 [54, 70, 71] 

 Other Not applicable 22 [8, 9, 72-91] 

 Total 90  

Phenolic compounds Phenol 108-95-2 38 [9, 92-128] 

 4-nitrophenol 100-02-7 9 [128-136] 

 Bisphenol A 80-05-7 8 [137-144] 

 4-chlorophenol 106-48-9 6 [145-150] 

 m-cresol 108-39-4 5 [151-155] 

 Other Not applicable 7 [9, 156-161] 

 Total 73  

Real waste waters Textile Not applicable 8 [162-169] 

 Other Not applicable 11 [136, 170-179] 

 Total 19  

Pharmaceuticals 17α-methyltestosterone 58-18-4 2 [180, 181] 

 Ciprofloxacin 85721-33-1 2 [182, 183] 

 Sulfamethazine 57-68-1 2 [184, 185] 

 Other Not applicable 4 [186-189] 

 Total 10  

Herbicides Amitrole 61-82-5 1 [190] 

 Paraquat 1910-42-5 1 [191] 

 Total 2  

Other  Not applicable 12 [107, 120, 122, 156, 192-199] 

Absence of 
pollutantb  Not applicable 10 [200-209] 

a Data collected from Scopus in November, 2017; b studies reporting only the H2O2 catalytic decomposition in the 
absence of an organic pollutant. 

 

Fe2+ in acidic media results in the decomposition of H2O2 through the oxidation of Fe2+ to 

ferric ion (Fe3+), with the formation of hydroxide ions (OH-) and HO•, as described by Eq. 2.2 

[210]. 

H2O2 + O2
•- ⇄ OH- + HO• + O2 (2.1) 

H2O2 + Fe2+ ⇄ OH- + HO• + Fe3+ (2.2) 

The participation of Fe2+ as catalyst in the oxidation process was finally demonstrated in  
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the 1950s, in two studies reported by Barb et al. [211, 212]. These authors proposed a two-

step mechanism in which Fe2+ is regenerated from the Fe3+ formed in the reaction described 

by Eq. 2.2: 

• in the first step, H2O2 reacts with HO• in solution, resulting in the formation of 

hydroperoxyl radicals (HOO•) and water, as described by Eq. 2.3; 

• in the second step, HOO• reduces Fe3+, regenerating Fe2+ and closing the catalytic cycle, 

as described by Eq. 2.4.  

H2O2 + HO• →  HOO• + H2O (2.3) 

Fe3+ + HOO• →  O2 + H+ + Fe2+ (2.4) 

In recognition for the major contribution made by Fenton, the reported oxidation process 

in which homogeneous Fe2+ is used as catalyst is known as the Fenton process. Nowadays, it 

is widely known that HO• radicals are powerful oxidants (standard reduction potential 

between +2.8 V and +2.0 V at pH 0 and 14, respectively) and serve as effective species in 

the destruction of a large range of organic pollutants [4, 5]. It is also accepted that the 

regeneration of Fe2+ from Fe3+ is mainly accomplished through the reaction of Fe3+ with H2O2, 

as described by Eq. 2.5 [213]. Nevertheless, the Fenton process includes several other 

reactions, such as non-efficient parasitic reactions, resulting in a complex mechanism 

recently summarized by Munoz et al. [213].  

Some drawbacks leading to the increase of operating costs are commonly associated to 

the Fenton process. One of them is the need for a complicated final separation step for the 

recovery or elimination of the Fe2+/Fe3+ ions, in many cases found in amounts exceeding the 

limits allowed by EU Directives for discharge of treated water into natural receiving water 

bodies (2 mg L-1 in Portugal [214]), which in turn leads to the undesired production of large 

amounts of iron sludge in the form of Fe(OH)3 [213, 215]. In this case, the costs associated 

to the subsequent treatment and disposal of the iron sludge may represent up to 50% of the 

total operating costs [213]. In addition, the Fenton process operates under pH values in the 

range 2.5-4.0 [216], originating acidic solutions which need neutralisation before being 

discharged into natural water courses. A tentative solution to overcome these constraints is 

the use of supported heterogeneous catalysts, whose advantages and disadvantages are 

discussed in the following Section. 

Fe3+ + H2O2 → Fe2+ + HOO• + H+ (2.5) 

2.1.2. Carbon-supported metal catalysts 

Very distinct materials such as alumina, silica, mesoporous molecular sieves, zeolites, 

pillared clays, ion-exchange resins and nanometric diamonds have been used to support 

transition metals, mainly iron [5, 116, 213, 217-223]. Nevertheless, the advantages of using 
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carbon materials as supports of highly dispersed metal particles are widely recognized. Since 

the first review on the subject by Ehrburger in 1984 [224], the application of carbon 

materials as catalyst supports has been subject of several other comprehensive reviews [225-

231], reflecting the increasing interest of the scientific community on this type of materials. 

This interest may be attributed to some specific properties of carbon materials, such as: (i) 

stability in acidic/basic media; (ii) high specific surface area, leading to high dispersion and 

stability of the metal phases; (iii) possibility to control, to some extent, the porosity and the 

surface chemistry, improving diffusion of reactants and products to and from the surface, 

and increasing metal dispersion by controlling polarity and hydrophobicity; (iv) easy recovery 

of expensive metal phases by burning away the carbon support; and (v) structural stability 

at high temperatures [231-233]. In addition, carbon materials are usually cheaper than other 

conventional catalyst supports [231].  

Carbon-supported metal catalysts are typically prepared by techniques similar to those 

used with other supports, the most widely used being impregnation [231, 232]. Nevertheless, 

several other methods have also been employed for the preparation of carbon supported 

metal catalysts, such as precipitation or co-precipitation, liquid-phase reduction, chemical 

vapour deposition and physical vapour deposition [231]. Given the wide range of methods 

available for the preparation of supported metal catalysts and the interesting features of 

carbon materials, their application as supports for Fe species is the most straightforward 

tentative solution to overcome the drawbacks reported previously on the use of 

homogeneous Fe2+ catalysts in the Fenton process. In this way, it may be expected that the 

separation of the heterogeneous catalyst from the final treated waters becomes easier, since 

the active phase is immobilised on the surface of a support. Fe catalysts supported on carbon 

materials have been extensively used in several studies devoted to the catalytic oxidation 

of different compounds using H2O2 as oxidant [18-28, 44-51, 58-62, 67-69, 76-84, 101-110, 

112-119, 133, 140-144, 148, 149, 164-166, 173-178, 182, 183, 185, 190, 191, 195-199, 202, 

203], i.e., CWPO – Catalytic Wet Peroxide Oxidation. It should be noted that the term CWPO 

has been introduced to distinguish between the typical Fenton process and the processes 

involving heterogeneous supported catalysts, or even other homogeneous catalysts because 

alternative metals have also been found as active species for CWPO applications, when 

presenting multiple possible oxidation states (e.g., Mn+ and M(n+1)+, where M represents the 

metal) [222]. Thus, the main catalytic reactions described by Eqs. 2.2 and 2.5 can be 

replaced by more general reactions, as described by Eqs. 2.6 and 2.7. Accordingly, other 

metal catalysts have been supported on carbon structures in order to be employed in CWPO, 

namely gold [10, 96, 99, 137, 209], copper [17, 30, 86, 111, 192], cobalt [51, 162, 163], 

nickel [51] and manganese [100]. 
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 H2O2 + Mn+ ⇄ OH- + HO• + M(n+1)+ (2.6) 

M(n+1)+ + H2O2 → Mn+ + HOO• + H+ (2.7) 

Although supported catalysts facilitates the final separation step, this alternative poses 

other difficulties, namely the loss of catalyst activity due to metal leaching. Some 

illustrative examples of this catalyst deactivation phenomenon that typically occurs during 

CWPO of organic pollutants in aqueous phase are shown in Table 2.2. 

A carbon-supported Fe catalyst was prepared by Zazo et al. [116] and subsequently tested 

in the CWPO of phenol. As observed, complete removal of the initial phenol content was 

obtained in CWPO experiments performed during 4 h at 30 oC and pH = 3 (cf. Table 2.2). 

Nevertheless, an iron leaching of 2.40 mg L-1 was determined at the end of the process. In 

addition, due to the iron leaching, the authors concluded that this supported catalyst would 

undergo a significant loss of activity when subjected to continuous mode experiments [116]. 

Likewise, two distinct carbon materials were used as supports in the study reported by 

Ramirez et al. [44], namely an activated carbon and a carbon aerogel. The iron leaching in 

the CWPO of Orange II at 30 oC and pH = 3 was 0.87 mg L-1 and 0.97 mg L-1, with the activated 

carbon and the carbon aerogel support, respectively (cf. Table 2.2). The authors concluded 

that iron leached from the support leads to a progressive deactivation in consecutive 

reaction cycles, which is an important limitation for their industrial application [44]. Carbon 

nanotubes and carbon nanofibers have also been used as supports for Fe species in CWPO 

applications. Rodríguez et al. [50] also reported the use of supported Fe catalysts prepared 

by incipient-wetness impregnation, this time using carbon nanotubes, carbon nanofibers and 

activated carbon as supports. The three catalysts lead to high removals of Orange II in CWPO 

experiments performed at 30 oC and pH = 3 (cf. Table 2.2). However, very high levels of iron 

leaching were determined in the treated waters, limiting the stability and durability of the 

catalysts.   

So far, it has been shown that most of the carbon-supported metal catalysts do not exhibit 

suitable stability for CWPO applications, mainly as a result of metal leaching. At the same 

time, since the report of Lücking et al. in 1998 [145], different carbon materials have been 

recognized as active metal-free catalysts for CWPO. In this way, active metals are not 

required to promote the generation of HO•, thus avoiding the need for a metal separation 

step at the end of the CWPO treatment. The application of carbon materials directly as 

catalysts in CWPO processes will be discussed in detail in the next Section. 
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Table 2.2. Representative examples on the use of carbon-supported metal catalysts in CWPO processes: description of the catalyst, operating conditions 
and catalytic performance of each catalyst (pollutant removal and iron leached to the treated waters) 

Authors Catalyst Operating conditions Pollutant 
H2O2 

stoichiometric 
ratioa 

Pollutant 
removal 

[Fe]leaching 

(mg L-1) 

Zazo et al., 
2006 [116] 

Fe (4 wt.%) supported on a commercial activated carbon by 
incipient-wetness impregnation with an iron nitrate solution, 
followed by calcination at 200 oC for 4 h 

Batch experiments 
[Catalyst] = 0.5 g L-1 
[H2O2]0 = 0.50 g L-1 
T = 50 oC; pH0 = 3 

t = 4 h 

Phenol 
(100 mg L-1) 

1.0 100.0% 
(50.0 mg g-1 h-1) 

2.40 

Same activated carbon, in the absence of Fe 58.0% 
(29.0 mg g-1 h-1) 

Not 
addressed 

Ramirez et al., 
2007 [44] 

Fe (7 wt.%) supported on activated carbon (prepared by 
carbonization of olive stones) by incipient-wetness impregnation 
with a ferrous acetate solution, followed by annealing under N2 
atmosphere at 200 oC for 2 h 

Batch experiments 
[Catalyst] = 0.2 g L-1 
[H2O2]0 = 0.20 g L-1 
T = 30 oC; pH0 = 3 

t = 4 h 

Orange II 
(35 mg L-1) 

1.3 98.0% 
(42.9 mg g-1 h-1) 

0.87 

Same activated carbon, in the absence of Fe Same conditions as 
above, except that:  

t = 35 h 

98.0% 
(4.90 mg g-1 h-1) 

Not 
addressed 

Fe (7 wt.%) supported on carbon aerogel (prepared by 
polymerization of an organic resorcinol-formaldehyde solution) by 
incipient-wetness impregnation with a ferrous acetate solution, 
followed by annealing under N2 atmosphere at 200 oC for 2 h 

t = 4 h 98.0% 
(42.9 mg g-1 h-1) 

0.97 

Same carbon aerogel, in the absence of Fe t = 15 h 98.0% 
(9.33 mg g-1 h-1) 

Not 
addressed 

Rodríguez et 
al., 2010 [50] 

Fe (5 wt.%) supported on carbon nanotubes (prepared by chemical 
vapour deposition) by incipient-wetness impregnation with an 
unknown Fe precursor, followed by heating under N2 atmosphere at 
350 oC for 4 h 

Batch experiments 
[Catalyst] = 2.0 g L-1 
[H2O2]0 = 0.35g L-1 
T = 30 oC; pH0 = 3 

t = 2 h 

Orange II  
(66 mg L-1) 

1.2 94.0% 
(15.5 mg g-1 h-1) 

25.2 

Fe (5 wt.%) supported on commercial carbon nanofibers (origin not 
specified) by using the same incipient-wetness impregnation 
procedure as described above 

100.0% 
(16.5 mg g-1 h-1) 

22.7 

Fe (5 wt.%) supported on a commercial activated carbon by using 
the same incipient-wetness impregnation procedure as described 
above 

94.0% 
(16.2 mg g-1 h-1) 

50.1 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete mineralization of the pollutant considered. 
 



PART I: INTRODUCTION 

16 

2.1.3. Carbon materials as catalysts on their own 

The application of carbon materials directly as catalysts was recognized a long time ago 

[234]. Back in 1969, Robert W. Coughlin noticed the increasing importance of carbons in 

several catalytic processes, which was ascribed to some of their properties, such as 

crystalline structure, microscopic physical structure, electronic properties and surface 

chemistry, as well as to the presence of impurities [234]. Since then, the use of carbon 

materials as catalysts on their own has been the subject of several studies, in parallel with 

the development of new types of nanostructured carbon materials [232]. Comprehensive 

reviews on the subject with extensive detail may be found in the book published in 2009 by 

Serp and Figueiredo [231] and in the book published in 2015 by Serp and Machado [235].  

In the particular case of CWPO, carbon materials (without any supported metal phase) 

were first reported as active and stable catalysts by Lücking et al., in 1998 [145]. This study 

seems to report for the first time the application of carbon supported catalysts in CWPO. At 

that time, the authors highlighted the difficulty to retain homogeneous catalysts in the 

process as the main disadvantage on the use of iron salts directly in solution (in the Fenton 

process), and the leaching of the metal phase from the support material as the main 

disadvantage of the application of supported metal catalysts in CWPO. Bearing this in mind, 

Lücking et al. [145] compared the performances of distinct materials in the CWPO of  

4-chlorophenol, at pH = 3, namely iron powder, iron supported on activated carbon, graphite 

and three activated carbons of different origins (without any supported metal phase). As 

summarized in Table 2.3, the results have shown that both iron powder and iron supported 

on activated carbon catalysts owe their activity to the Fe ions leached to the solution (300 

and 56.0 mg L-1, respectively, in batch experiments), which subsequently act as 

homogeneous catalysts; on the opposite, both activated carbon and graphite were found to 

act as heterogeneous catalysts in the decomposition of H2O2 and in the oxidation of 4-

chlorophenol [145]. In support of this observation, graphite revealed much higher activity in 

the CWPO of 4-chlorophenol in comparison with homogeneous Fe2+ (1 mg L-1, twice the 

amount leached to the treated water when graphite was used as catalyst) [145]. 

The results reported by Lücking et al. [145] prompted the scientific community to further 

explore the use of carbon materials without any supported metal phase in CWPO. Since the 

ability of carbon materials to selectively decompose H2O2 into HO• radicals is of major 

importance to the global performance of the process, this reaction was also subject of 

specific research. 

 



 

 

17 

C
H

A
PT

ER
 2 

 

Table 2.3. Summary of the comparative study reported by Lücking et al., in 1998 [145], in which carbon materials without any supported metal phase were 
first shown as active and stable catalysts for CWPO. Data include description of the catalyst, operating conditions and catalytic performance of each catalyst 
[pollutant removal in terms of dissolved organic carbon (DOC) and iron leached to the treated waters] 

Authors Catalyst Operating conditions Pollutant 
H2O2 

stoichiometric 
ratioa 

Pollutant 
removalb 

[Fe]leaching 

(mg L-1) 

Lücking et al., 
1998 [145] 

 

Iron powder (95 wt.% Fe, Isocommerz VE 
Außen- und Binnenhandelsbetrieb BT 
Herzberg/E) 

Batch experiments 
[Catalyst] = 1.0 g L-1 
[H2O2]0 = 5.30 g L-1 
T = 30 oC; pH0 = 3 

t = 6 h 

4-chlorophenol 
(1000 mg L-1) 

 

1.2 64.0% 300 

Graphite (99.8 wt.% C, Laborchemie 
Apolda GmbH) 

Same conditions as 
above, except that  

t = 96 h 

30.0% 0.50 

Homogeneous Fe2+ (for comparison 
purposes) 

Same conditions as 
above, except that 
[catalyst] = 1 mg L-1 

and t = 144 h 

8.0% Not applicable 

Activated carbon (RFZ1, from Norit), 
followed by impregnation with iron 
hydroxide (ash content ca. 15-20 wt.%) 

Batch and continuous 
experiments 

[Catalyst] = 1.0 g L-1 
[H2O2]0 = 5.30 g L-1 
T = 30 oC (batch) 

T = 20 oC (continuous) 
pH0 = 3 

t = 800 h (batch) 
t = 160 d (continuous 

4-chlorophenol 
(1000 mg L-1) 

1.2 80.9% (batch) 
41.0% (continuous, 32 d) 
17.0% (continuous, 160 d) 

56.0 (batch) 
14.8 (continuous, 32 d) 
0.32 (continuous, 160 d) 

Activated carbon (F-300, from Chemviron 
Carbon) 

70.1% (batch) 
18.0% (continuous, 32 d) 
8.0% (continuous, 160 d) 

< 2.00c (batch) 
0.46 (continuous, 32 d) 
0.18 (continuous, 160 d) 

Activated carbon (Darco GCW, from Norit) 65.7% (batch) 
15.0% (continuous, 32 d) 
10.0% (continuous, 160 d) 

< 2.00c (batch) 
0.48 (continuous, 32 d) 
0.20 (continuous, 160 d) 

Activated carbon (ROW 0.8, from Norit) 72.2% (batch) 
13.0% (continuous, 32 d) 
6.0% (continuous, 160 d) 

< 2.00c (batch) 
0.12 (continuous, 32 d) 
0.11 (continuous, 160 d) 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete mineralization of the pollutant considered; b Dissolved organic 
carbon (DOC) removal;  c Not specified.
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2.1.3.1. Mechanism for the decomposition of H2O2 in the presence of carbon materials 

In a previous publication, our group proposed a mechanism for the decomposition of H2O2 

when carbon materials are used as catalysts [207], based on experimental results and on 

other findings reported in the literature [2, 200, 203, 205, 236-244]. The proposed 

mechanism, given in Table 2.4, consists of the following steps: 

• [H2O2] decomposes via HO• formation, with the participation of reduced active sites [AS], 

i.e., electron donor sites existing at the carbon surface (e.g. basic oxygen containing groups, 

such as chromene and pyrone, basic nitrogen containing functionalities or delocalized  

π-electrons at the carbon basal planes), as described by Eq. 2.8; 

• [H2O2] adsorbed over the oxidized active sites [AS+], i.e., electron acceptor sites, 

decomposes to HOO• and H+, regenerating [AS], as described by Eq. 2.9; 

• Adsorbed HOO• and H+ produce atomic oxygen (which may remain trapped in the surface 

and accounts for the formation of carbon surface oxides) and water when in contact with 

reducing active sites [AS] existing at the carbon surface, as described by Eq. 2.10; 

• Due to self-annihilation, H2O2 in the bulk can be decomposed to HOO•, HO•, O2 and water, 

by reaction with HOO•, HO• and O2
•–, as described by Eqs. 2.12–2.14. Due to the low 

bimolecular reaction rate, Eqs. 2.13 and 2.14 will have a negligible contribution to this self-

annihilation process. H2O2 in the bulk may also be decomposed by dissociation as a weak 

acid, as described by Eq. 2.11; 

• Finally, the radicals HO•, HOO• and O2
•− can react with themselves resulting mainly in O2, 

water and some minor amounts of regenerated H2O2 (Eqs. 2.15–2.21). 

Most of the reactions given in Table 2.4 are widely accepted in AOP [245, 246], in addition 

to the catalytic surface reactions described by Eqs. 2.8–2.10. In particular, the mechanism 

of H2O2 decomposition for CWPO applications is especially relevant when leading to the 

formation of HO•, since these species present higher redox potential (2.80 V) than that of 

HOO• (1.70 V) or H2O2 itself (1.77 V) [247]. 

Since the report of Lücking et al. [145], very distinct materials such as activated carbons 

[8, 9, 40, 55, 70-72, 85, 97, 98, 121-124, 150, 151, 156, 158, 167-170, 179, 191, 193, 200, 

201, 204-208], graphite [92, 95, 120, 171, 208], carbon nanotubes [75, 94, 113, 160, 206], 

sludge-derived carbon materials [74, 152-155], carbon blacks [95, 125, 208], activated 

carbon xerogels [54, 63, 130], graphene-based materials [52, 93, 206], carbon aerogels [51], 

and others [120, 131, 172], have been reported as active catalysts for CWPO. Nevertheless, 

despite all the significant improvements that have been made, especially in recent years, 

carbon materials, when used as catalysts on their own, still show lower performances in 

CWPO when compared with metal-based catalysts [51, 55, 113, 120, 191, 203]. At the same  
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Table 2.4. Reaction mechanisms for H2O2 decomposition. Adapted from [207] 

Reaction Comment/ Rate constant  

[H2O2 + AS] → HO• + OH− + [AS+] Catalytic surface reaction [207] (2.8) 

[H2O2 + AS+]  → [HOO• + H+ + AS] Catalytic surface reaction [207] (2.9) 

 [HOO• + H+ + AS] → H2O + [O• + AS+] Catalytic surface reaction [207] (2.10) 

H2O2 ⇄ H+ + HO2
− pKa = 11.75 [240] (2.11) 

H2O2 + HO• → H2O + HOO• 2.7 × 107 M−1 s−1 [237] (2.12) 

H2O2 + HOO• → HO• + H2O + O2 3 M−1 s−1 [241] (2.13) 

H2O2 + O2
•−  → HO• + OH− + O2 0.13 M−1 s−1 [244] (2.14) 

HOO• ⇄ O2
•− + H+ pKa = 4.8 [236] (2.15) 

HO2
− + HO• → HOO• + OH− 7.5 × 109 M−1 s−1 [238] (2.16) 

HO• + HOO• → H2O + O2 6.6 × 109 M−1 s−1 [239] (2.17) 

HO• + HO• → H2O2 5.5 × 109 M−1 s−1 [237] (2.18) 

HOO• + HOO• → H2O2 + O2 8.3 × 105 M−1 s−1 [236] (2.19) 

HO• + O2
•− → OH− + O2 8 × 109 M−1 s−1 [243] (2.20) 

HOO• + O2
•− → HO2

− + O2 9.7 × 107 M−1 s−1 [236] (2.21) 

 

time, carbon materials with metals within their structure, arising from the synthesis 

precursors and procedures considered, have been shown to be active and stable catalysts in 

CWPO, revealing low leaching levels [94, 145, 160, 171]. Other authors have also suggested 

the preparation of carbon materials with iron within the carbonaceous structure, as suitable 

catalysts for CWPO with limited iron leaching [44]. Bearing this in mind, the synthesis of 

highly stable carbon-based nanostructured composites (resistant to leaching phenomena) 

containing metallic nanomaterials (e.g. iron, cobalt, nickel and/or their alloys, and/or 

ferrite), may be considered the next step in the evolution of catalysts for CWPO. In this way, 

the possible synergistic effects that can arise from the combination of the high catalytic 

activity of iron or other metal species with the proven catalytic properties of carbon-based 

materials in CWPO could be explored, but always simultaneously assessing catalyst stability. 

The magnetic properties of these nanostructured materials would be an additional 

advantage to the process, enabling in-situ magnetic separation, thus avoiding typical 

systems for separation of the homogeneous, or even of the non-magnetic heterogeneous 

powders used as catalysts in CWPO.  

2.2. Hybrid magnetic carbon nanocomposites 

Hybrid magnetic carbon nanocomposites are composed of carbon nanostructures (mainly 

sp2-hybridized aromatic carbon atoms) of various dimensionalities (e.g., 0D fullerene, 1D 

carbon nanotubes and 2D graphene sheets) and magnetic nanoparticles [248]. As shown in 

Figure 2.2, two general classes of these type of hybrid materials are usually considered: (i) 
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carbon nanostructures decorated with magnetic nanoparticles, in which the magnetic 

material is embedded or linked to the carbon structure, without being protected against the 

environment by a carbonaceous shell, and (ii) carbon encapsulated magnetic nanoparticles, 

which are core-shell structures with a carbonaceous shell and a core made of magnetic 

materials [248]. Several techniques for the synthesis of carbon-based nanostructured 

composites containing magnetic nanomaterials have been explored and improved in recent 

years [248, 249], as described in a recent review [249] and summarized in Figure 2.3. 

Methods such as (i) filling process, (ii) template-based synthesis, (iii) chemical vapour 

deposition, (iv) hydrothermal/solvothermal method, (v) pyrolysis procedure, (vi) sol-gel 

process, (vii) detonation induced reaction and (viii) self-assembly method, have led to 

considerable progress and unprecedented prospects for the use of these types of materials 

in several applications. In particular, these developments opened a window of opportunity, 

not only for the investigation of their catalytic properties in CWPO, but also for the 

development of in-situ magnetic separation systems. 

Several hybrid magnetic composites in which the magnetic material is embedded in the 

carbon structure have been reported as highly active and efficient catalysts for CWPO 

applications. The possible synergistic effects that have been claimed regarding the 

application of carbon nanostructures decorated with magnetic nanoparticles in CWPO were 

initially evidenced in the study performed by Hu et al. in 2011 [180], which seems to be first 

reporting the application of this type of nanostructured composites in CWPO processes. 

Specifically, the high catalytic activity of magnetite (Fe3O4) for the CWPO of 17α-

methyltestosterone was increased when this magnetic material was grown on the surface of 

multiwalled carbon nanotubes [180]. Since the report of Hu et al. [180], graphene-based 

materials [13, 29, 31, 33, 35, 36, 39, 41-43, 65, 66, 89, 90, 127, 157, 184], carbon nanotubes 

[16, 38, 53, 64, 73, 91, 128, 132, 139, 161, 180, 181, 194], graphitic materials [87, 186], 

carbon nanofibers [37, 57], and others [11, 14, 34, 56, 138, 187, 189], have been reported 

as active and efficient catalysts for CWPO when decorated with magnetic nanoparticles. 

Carbon encapsulated magnetic nanoparticles have also been employed in CWPO. In this case, 

the first study was reported in 2014, by Zhang et al. [15]. Briefly, Fe3O4 was prepared by 

 

 
Figure 2.2. Representation of the two general classes of nanostructured hybrid magnetic carbon 
materials: (a) carbon nanostructures decorated with magnetic nanoparticles —chains correspond to 
optional molecular linkers, and (b) carbon encapsulated magnetic nanoparticles. The carbon material 
is shown in black, whereas magnetic particles are represented by grey spheres. Adapted from [248]. 
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co-precipitation; then, hydrothermal dehydrogenation of glucose was adopted in order to 

coat the Fe3O4 cores with a faintly distinguished carbon layer. At that time the authors 

concluded that carbon encapsulation enhances the catalytic activity of the bare Fe3O4 cores 

[15]. Since the report of Zhang et al. [15], six studies on the synthesis of carbon encapsulated 

magnetic nanoparticles for CWPO applications have been reported [12, 32, 88, 126, 146, 

147] —five out of which were published since the beginning of these Ph.D. studies. 

2.3. Nitrophenols as aqueous model systems 

Nitrophenols are man-made, toxic and bio-recalcitrant chemical compounds, containing 

at least one nitro group (-NO2) attached to an aromatic ring [250-254]. Therefore, their 

presence can have a negative impact on conventional biological wastewater treatment 

processes. The main sources of nitrophenols are industrial manufacturing and processing 

activities, with the subsequent disposal into water matrices [252]. 2-nitrophenol (2-NP) and 

4-nitrophenol (4-NP) possess very similar properties (cf. Table 2.5). Indeed, the manufacture 

of one isomer usually leads to the formation of residual amounts of the other [252]. 

Nevertheless, 2-NP is used mainly for the production of dyes, paints, rubber chemicals and 

fungicides; while 4-NP is used mainly in the drugs, fungicides, dyes and leather industries 

[252]. 

Small amounts of 2-NP and 4-NP have been found in natural water bodies, which poses a 

risk of human exposure through drinking water, possibly leading to several negative health 

effects [252]. The release of industrial waste waters into publicly owned wastewater 

treatment plants (WWTP) is partially responsible for this phenomenon, in addition to the 

 

 
Figure 2.3. Main synthesis techniques used for the preparation of hybrid magnetic carbon 
nanocomposites. 
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Table 2.5. Identification, and physical and chemical properties of 2-nitrophenol and 4-nitrophenol. 
Adapted from [252] 

Characteristic/ property 2-nitrophenol (2-NP) 4-nitrophenol (4-NP) 

CAS registry number 88-75-5 100-02-7 

Chemical formula C6H5NO3 C6H5NO3 

Chemical structure 

 
 

Molecular weight 139.11 g mol-1 139.11 g mol-1 

Colour Light yellow Colourless to light yellow 

Melting/boiling point 44-45 oC/ 216 oC 113-114 oC/ 297 oC 

Acid dissociation constant (pKa) 7.21-7.23 7.08-7.18 

Solubility in distilled water at 25 oC 1400-2100 mg L-1 16000 mg L-1 

 

degradation of the products containing nitrophenols in their formulation [252].  

Data available on the environmental fate of nitrophenols clearly indicates that both 2-NP 

and 4-NP undergo chemical oxidation in natural surface waters due to reaction with sunlight-

induced HO• radicals [252, 254]. This knowledge opens future prospects for the application 

of AOPs for the treatment of industrial waste waters containing nitrophenols, such as CWPO. 

Bearing this in mind, 2-NP and 4-NP can be regarded as suitable aqueous model systems 

of refractory organic pollutants typically not treatable by conventional biological 

technologies. 
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Catalyst design plays a crucial role in CWPO. Bearing this in mind, the main objective in 

the conducted Ph.D. studies was the synthesis of hybrid magnetic carbon nanocomposites 

with high activity and stability characteristics for the CWPO of bio-recalcitrant pollutants. 

More specifically, it was intended to explore the synergistic effects that arise from the 

combination of the high catalytic activity of iron species with that of other metal species in 

CWPO, and the easily tailoring characteristics of carbon-based materials, as detailed in 

Chapter 2. In addition, the magnetic properties of these nanocomposites enable the 

realization of the different stages of treatment in a single vessel, namely equalization and 

treatment of the polluted water, as well as catalyst separation, avoiding typical systems 

needed in CWPO for separation of the catalyst, such as filtration.  

In order to accomplish these objectives, synthesis techniques were optimized to obtain 

shape-controlled, highly stable and well-defined hybrid magnetic carbon nanocomposites. 

For that purpose, the recently developed synthesis techniques listed in Chapter 2 were 

considered, so that the catalytic activity of the resultant nanostructured materials can be 

appropriate and kept as similar as possible during successive reuse sequencing operations 

and in semi-continuous operation, a crucial requisite regarding the potential industrial 

application of the catalysts. 

H2O2 is the main reactant employed in the CWPO process and thus the main contributor 

to the global cost. Therefore, an excessive consumption of H2O2 may hinder the viability of 

this water/wastewater treatment technology. It is know that an inefficient usage of H2O2 

can be the result of several parasitic and radical scavenging reactions occurring in the bulk 

(cf. Table 2.4). Although most CWPO applications typically deal with pollutants present in 

water at low concentrations (up to 0.1 g L-1) [1-4], recent studies performed with metal-free 

carbon-based catalysts show that higher H2O2 usage efficiencies (close to 100%) can be 

obtained when operating at higher pollutant loads (up to 5 g L-1), under a process 

intensification approach [5-9]. This approach also allows increasing the range of industrial 

wastewater treatment applications of CWPO. Bearing this in mind, the developed catalytic 

systems were studied in the CWPO of selected model pollutants, searching the optimization 

of these catalytic systems and further process optimization through the variation of process 

operating parameters, a special emphasis being given to the efficiency of H2O2 consumption, 

as well as to the understanding of the degradation mechanisms involved. Likewise, the 

influence of operating pH was also studied. In this case, the main objective is to avoid the 

generation of acidic waters, which is a typical drawback of the Fenton process. 

Once optimized the catalytic systems and the CWPO process, the benefits of magnetic 

separation for the recovery of the catalyst in water treatments were explored, since catalyst 

separation and long-term stability are crucial aspects for the feasibility of the proposed 
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process in possible large scale applications. Thus, the final defined goal was to develop a 

sequencing CWPO reactor coupled with a magnetic separation device, combining the 

knowledge acquired in previous stages. 
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4.1. Synthesis procedures 

The procedures employed for the preparation of all the materials considered in this Ph.D. 

dissertation are detailed in this Section.  

4.1.1. Glycerol-based carbon materials 

A glycerol-based carbon material (GBCM) was prepared by partial carbonization of 

glycerol (99 wt.%), adapting a procedure described elsewhere [1]. Briefly, a mixture of 

glycerol (10 g) and concentrated (95-97 wt.%) sulphuric acid (40 g) was gently heated to  

180 oC and left at that temperature for 20 min to allow in-situ partial carbonization. The 

resulting material, characterized as a strong solid acid carbon material, due to the presence 

of high amounts of sulphonic acid groups [1], was then ground to obtain particle sizes in the 

range 0.106-0.250 mm. Then, it was treated under a N2 flow (100 cm3 min-1) at 120,  

400 and 600 oC during 60 min at each temperature, and afterwards at 800 oC for 240 min 

(defining a heating ramp of 2 oC min-1) in order to stabilize the initial material (which by 

thermogravimetric analysis under N2 atmosphere revealed to decompose about 50 wt.% up 

to 800 ºC). The treated material was named GBCM. Thereafter, GBCM was further thermally 

activated under oxidative atmosphere (air flow = 100 cm3 min-1) during 60 min at different 

temperatures, from 150 to 350 oC, in order to produce several materials with different 

textural and surface chemistry properties, which were labelled as GBCM followed by a 

subscript number corresponding to the activation temperature in oC (i.e., GBCM150, GBCM200, 

GBCM300 and GBCM350)2. In this temperature range, the weight loss (burn-off) due to the 

thermal activation under air atmosphere ranges from 9 to 20 wt.%. 

4.1.2. Graphene-based carbon materials 

Graphene oxide (GO) was synthesized from natural graphite (particle size ≤ 20 µm, from 

Sigma-Aldrich), by a modified Hummers method [2, 3] described elsewhere [4]. 

Concentrated sulphuric acid (50 mL) was added gradually with stirring to a 500 mL flask 

containing 2 g of graphite and immersed in an ice bath. 6 g of potassium permanganate was 

added slowly to the mixture, the suspension being continuously stirred for 2 h at 35 oC. After 

that, it was allowed to cool in an ice bath and subsequently diluted with 350 mL of distilled 

water. Afterwards, H2O2 (30% w/v) was added in order to reduce residual permanganate to 

soluble manganese ions, a bright yellow colour appearing in the suspension. The oxidized 

material was purified with an hydrochloric acid solution (10 wt.%) and the suspension was 

                                            
2 The particular task of GBCM thermal activation under oxidative atmosphere was partially carried out by M.T. 
Pinho. 
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then filtered, washed several times with distilled water until the neutrality of the rinsing 

waters was reached, and dried at 60 oC for 24 h to obtain graphite oxide. The resulting 

material was dispersed in a given volume of water and sonicated (ultrasonic processor 

UP400S, 24 kHz) for 1 h. The sonicated dispersion was centrifuged for 20 min at 3000 rpm to 

remove unexfoliated graphite oxide particles from the supernatant, GO being obtained in 

this way (ash content of ca. 0.06 wt.%, as determined by thermogravimetric analysis). 

Reduced graphene oxide (rGO) samples were obtained by chemical reduction of GO using 

vitamin C (rGOV) [5], glucose (rGOG) [6] and hydrazine (rGOH) [7] as reducing agents and 

employing the aqueous dispersion of GO, as described elsewhere [8]3. Briefly, the GO 

suspension (0.1 g L-1) containing the reducing agent (2 mmol L-1) was heated at 95 oC for 3 h 

under vigorous stirring. Before reduction, the pH of the GO dispersion was adjusted to 9-10 

with a 25% ammonia solution to promote the colloidal stability of the GO sheets through 

electrostatic repulsion. 

4.1.3. Magnetic carbon xerogels 

The magnetic carbon xerogels were obtained by inclusion of iron and/or cobalt precursors 

during the synthesis of the carbon xerogel by polycondensation of resorcinol with 

formaldehyde [9]. For that purpose, 9.91 g of resorcinol was dissolved in 18.8 mL of distilled 

water. Iron (III) chloride hexahydrate was added to the resorcinol solution (considering a 

Fe/resorcinol molar ratio of 0.05) and then stirred in an orbital shaker (160 rpm) during 2 h. 

13.5 mL of formaldehyde solution was then added and the pH adjusted to 6.1 by means of 

NaOH solutions (1 and 0.02 mol L-1). The gelation step was allowed to proceed freely, without 

catalyst, in a 100 mL beaker at 85 oC during 3 days. The recovered gel was ground, dried in 

an oven (from 60 to 150 oC, defining a heating ramp of 20 oC day-1) and annealed under a N2 

flow (100 cm3 min-1), in a tubular vertical furnace, at 120, 400 and 600 oC during 60 min at 

each temperature, and then at 800 oC for 240 min, defining a heating ramp of 2 oC min-1. 

Afterwards, the solid was washed with 1 L of a HCl solution (pH = 3) at 50 oC and dried 

overnight at 60 oC, resulting in the CX/Fe materials. This final step aims to wash out metal 

species that are not strongly embedded in the carbonaceous structure of the material, 

thereby increasing its stability and limiting the contamination of the water treated by CWPO. 

Likewise, CX/Co was obtained by adding cobalt (II) chloride hexahydrate (considering a 

Co/resorcinol molar ratio of 0.025). CX/CoFe was obtained by adding iron (III) chloride 

hexahydrate (Fe/resorcinol molar ratio of 0.05) and cobalt (II) chloride hexahydrate (Fe/Co 

molar ratio of 2, as previously reported for iron-copper bimetallic nanoparticles embedded 

                                            
3 Graphene-based materials were prepared by L.M. Pastrana-Martínez. 
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within ordered mesoporous carbon composite catalysts [10]). A carbon xerogel (CX) was 

prepared following the same procedure, but in the absence of metal precursors.  

4.1.4. Magnetic nanoparticles 

Magnetite (Fe3O4) was synthesised by co-precipitation of Fe2+ and Fe3+ in basic solution, 

at 30 oC and under N2 atmosphere. For that purpose, 13.44 mmol of iron (II) chloride 

tetrahydrate and 26.88 mmol of iron (III) chloride hexahydrate were dissolved in 250 mL of 

distilled water and transferred into a 500 mL glass reactor, equipped with a condenser and 

immersed in an oil bath with controlled temperature. When the desired temperature was 

reached, the mixture was deaerated during 10 min with N2 under vigorous stirring, and 

further kept under inert atmosphere. At this point, 10 mL of ammonia solution (25 wt.%) was 

quickly added, and a black precipitate was instantly obtained. Afterwards, possible residues 

of the precursors were washed-out with distilled water, the sample being then dried in an 

oven at 60 oC for 24 h, resulting in the Fe3O4 material. 

Cobalt ferrite (CoFe2O4) was synthesized by co-precipitation of Co2+ and Fe3+ in basic 

solution at 75 oC, adapting the procedure described elsewhere [11]. For that purpose, 

67 mmol of cobalt (II) chloride hexahydrate and 134 mmol of iron (III) chloride hexahydrate 

were dissolved in 100 mL of distilled water and transferred into a 250 mL glass reactor, 

equipped with a condenser and immersed in an oil bath with controlled temperature. When 

the desired temperature was reached, 80 mL of ammonia solution (1 mol L-1) was added 

dropwise using a peristaltic pump, under constant vigorous stirring. After the colour of the 

solution turned to dark-brown, the mixture was kept under vigorous stirring for additional 

30 min, in order to ensure the complete formation of ferrite crystals. Possible residues of 

the precursors were washed-out with distilled water and absolute ethanol, the sample being 

then dried in an oven at 60 oC for 24 h, ground into fine powder and treated under a purified 

air flow (100 cm3 min-1) at 500 ºC for 2 h with a heating ramp of 2 oC min-1, allowing 

crystallization of the materials with the inverse spinel structure [11, 12], and resulting in 

the CoFe2O4 sample4. 

4.1.5. Hybrid magnetic graphitic nanocomposites 

The magnetic graphitic nanocomposites (MGNC) were prepared by hierarchical  

co-assembly of magnetic nanoparticles and carbon precursors, followed by thermal 

treatment, adapting the procedure described elsewhere [13]. For that purpose, 5 g of 

copolymer pluronic F127 was dissolved in 50 mL of H2O, in a round bottom 500 mL glass 

reactor equipped with a condenser and immersed in an oil bath with temperature control. 

                                            
4 CoFe2O4 was prepared by R.O. Rodrigues. 
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Then, 5 mL of magnetic nanoparticles suspension (17 mg mL-1, previously obtained by 

dispersion of Fe3O4 or CoFe2O4, in H2O in an ultrasonic bath) was added, the resulting solution 

being stirred during 2 h at 66 oC for homogenization. After that, ≈ 60 mL of a 

phenol/formaldehyde resol solution was added, the resulting mixture being kept under 

stirring (400 rpm) at 66 oC for 72 h and then at 70 oC for an additional period of 24 h. The 

phenol/formaldehyde resol solution was prepared by dissolution of 2.0 g of phenol in 7.0 mL 

of formaldehyde 37 wt.% solution, to which 50.0 mL of NaOH 0.1 mol L-1 was added, the 

solution being then kept under stirring at 70 oC for 30 min.  

In each case, the recovered solids were washed with distilled water in order to promote 

the washing-out of some possible residues of the precursors and then dried overnight in an 

oven at 60 oC. Then, each sample was thermally treated under a N2 flow (100 cm3 min-1) at 

120, 400 and 600 oC during 60 min at each temperature and then at 800 oC for 240 min, 

defining a heating ramp of 2 oC min-1. Finally, each sample was washed with 1 L of distilled 

water at 50 oC under vacuum filtration, and afterwards with 1 L of HCl solution (pH = 3), 

also at 50 oC under vacuum filtration, being then dried overnight in an oven at 60 oC, resulting 

in the Fe3O4/MGNC or CoFe2O4/MGNC materials. 

4.2. Characterization techniques 

Several techniques were used for the characterization of the materials reported in Section 

4.1., in order to obtain deep information about their physical and chemical properties. A 

detailed experimental description of these techniques is provided in the following Sections. 

4.2.1. Textural properties 

The textural properties of the materials were determined from N2 adsorption–desorption 

isotherms at -196 oC, obtained in a Quantachrome NOVA 4200e adsorption analyser. Before 

the analysis, all samples were outgassed for 6 h at 130 oC. The specific surface area (SBET) 

was determined by applying the Brunauer-Emmett-Teller (BET) equation [14]. The micropore 

volume (Vmicro) and the non-microporous surface area (Smeso) were determined by the  

t-method using an appropriate standard isotherm [15]. The total pore volume (Vtotal) was 

derived from the amount of N2 adsorbed at a relative pressure close to unity, namely at  

p/po = 0.995 [16]. The average pore diameter (dpore) was estimated from Eq. 4.1, assuming 

that the pores are of cylindrical shape and most of the surface area arises from the inner 

walls of the pores [17]. 

dpore = 
4Vtotal

SBET
 (4.1) 
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4.2.2. Topographical characterization 

The topographical characterization of the materials was performed by transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM). 

4.2.2.1. Transmission electron microscopy 

TEM was performed in a LEO 906E instrument operating at 120 kV, equipped with a 4 

Mpixel 28 × 28 mm CCD camera from TRS. TEM micrographs were obtained in bright field 

and dark filed image modes5. ImageJ software was used in order to estimate the size of the 

materials. Specifically, at least 100 counts were performed for the determination of the 

magnetic nanoparticles size; and at least 65 counts were performed for the determination 

of the metal core size of the MGNC materials. 

4.2.2.2. Scanning electron microscopy 

SEM images in secondary electron (SE) and backscattered electron (BSE) detection modes 

were obtained using a FEI Quanta 400FEG ESEM/EDAX Genesis X4M instrument equipped with 

an Energy Dispersive Spectrometer (EDS)6. ImageJ software was used in order to estimate 

the size of the materials. At least 110 counts were performed for the determination of the 

size of the primary carbon microspheres of the carbon xerogel materials; and at least 65 

counts were performed in order to estimate the size of the metal particles embedded in 

their structure. 

4.2.3. Surface chemistry properties 

The surface chemistry characterization comprised the determination of: pH at the point 

of zero charge (pHpzc); concentration of acidic and basic sites; thermogravimetric analysis 

(TGA); X-ray diffraction (XRD); X-ray photoelectron spectroscopy (XPS); temperature 

programmed desorption (TPD); and atomic absorption spectroscopy. An experimental 

description of each technique is provided in the following Sections. 

4.2.3.1. pH at the point of zero charge 

The pHPZC of the materials was determined by pH drift tests, adapting the procedures 

previously reported [18, 19]. For that purpose, solutions with varying initial pH (2-11) were 

prepared using HCl (1 mol L-1) or NaOH (1 mol L-1) and 20 mL of NaCl (0.01 mol L-1) as 

electrolyte. Each solution was contacted with 0.05 g of the material and the final pH was 

measured after 48 h of continuous stirring (320 rpm) in an orbital shaker at room 

temperature. The pHPZC was determined by intercepting the obtained final pH vs. initial pH 

curve with the straight line final pH = initial pH [20, 21]. 

                                            
5 TEM micrographs were obtained by P.B. Tavares. 
6 SEM micrographs were obtained through an outsourced paid service. 
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4.2.3.2. Concentration of acidic and basic sites 

The concentration of acidic sites at the surface of the materials was determined using a 

titration technique, adapting the procedure reported elsewhere [19]. For that purpose, 

0.2 g of the material was contacted with 25 mL of a NaOH solution (0.02 mol L-1) during  

48 h under continuous stirring (320 rpm) in an orbital shaker at room temperature. 

Afterwards, the residual suspension was filtered, and the excess of OH- was titrated with a 

HCl solution (0.02 mol L-1) using phenolphthalein as indicator. Likewise, the concentration 

of basic sites at the surface of the materials was determined by contacting 0.2 g of the 

material with 25 mL of the HCl solution, the excess of H+ being titrated with the NaOH 

solution. 

4.2.3.3. Thermogravimetric analysis 

TGA was performed using two different apparatus. The first was a Netzsch STA 490 

PC/4/H Luxx thermal analyser, in which the sample was heated in a gas flow from 50 to  

1000 oC at 20 oC min-1; the second was a Netzsch TG 209 F3 Tarsus thermal analyser, the 

sample being heated from 30 to 950 oC at 20 oC min-1. Both oxidative (air) and inert (N2) gas 

flows were employed.  

4.2.3.4. X-Ray diffraction 

XRD analysis was performed in a PANalytical X’Pert MPD equipped with a X’Celerator 

detector and secondary monochromator (Cu Kα λ = 0.154 nm; data recorded at a 0.017o step 

size). The crystallographic phases were identified using the HighScore software and 

Crystallography Open Database. Rietveld refinement of the XRD diffraction patterns was 

performed using PowderCell software allowing phase quantification. Crystallite sizes were 

determined by the Williamson-Hall method7. 

4.2.3.5. X-Ray photoelectron spectroscopy 

XPS analysis was performed in a Kratos Axis Ultra HAS equipment using a monochromatic 

Al X-ray source (1486.7 eV), powered at 15 kV (90 W), in lens hybrid mode. For the data 

analysis, the charge correction was based on the C 1s peak (285 eV). After a Shirley 

background subtraction, the C 1s, O 1s, Fe 2p and Co 2p peaks were fitted to Gaussian curves 

using the CasaXPS software8.  

4.2.3.6. Temperature programmed desorption 

TPD was performed in a fully automated AMI-300 Catalyst Characterization Instrument 

(Altamira Instruments), equipped with a quadrupole mass spectrometer (Dymaxion, 

Ametek). For that purpose, the sample (0.10 g) was placed in a U-shaped quartz tube inside 

                                            
7 XRD analysis was performed by P.B. Tavares. 
8 XPS spectra were obtained through an outsourced paid service. 
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an electrical furnace and heated at 5 oC min-1 up to 800 oC using a constant flow rate of 

helium (25 cm3 min-1). The mass signals m/z = 28 and 44 were monitored during the thermal 

analysis, the corresponding TPD spectra being obtained. CO and CO2 were calibrated at the 

end of each analysis with the respective gases [22]. 

The concentration of CO2 and CO were obtained by integrating the area of the respective 

spectra. The percentage of oxygen in the sample was estimated from Eq. 4.2. Deconvolution 

analysis of the CO2 and CO TPD spectra was performed as described elsewhere [22, 23]. For 

that purpose, the peaks in the CO2 TPD spectra of the carbon materials were assigned to 

different functional groups, namely: strongly acidic carboxylic acids (SA; released in the 

range 230-280 oC); less acidic carboxylic acids (LA; 300-350 oC); carboxylic anhydrides (CAn; 

480-540 oC); and lactones (Lac; 610-720 oC). Likewise, the peaks in the CO TPD spectra were 

assigned to: carboxylic anhydrides (Can; 480-540 oC); phenols (Ph; 640-670 oC); ethers (Eth; 

700-720 oC); and quinones (Qui; 820-850 oC). 

�O�/ wt.% = ��[CO2]/ mol g-1 × 2 + [CO]/ mol g-1� × 16 g mol-1� × 100 (4.2) 

4.2.3.7. Atomic absorption spectroscopy 

The total contents of Fe and Co were determined by atomic absorption analysis of the 

solution resulting from the acidic digestion of the solids. For this purpose, each sample was 

initially dispersed in distilled water (1 mg mL-1). 1 mL of each dispersion was later added to 

1 mL of aqua regia (mixture of pure nitric acid and hydrochloric acid, with a volume ratio of 

1:3), the resulting solution being heated at 60 oC for 48 h in order to promote the sample 

digestion. After being cooled down to room temperature, the digested samples were filtered 

(CA syringe filters, 0.45 μm) and the Fe and Co concentrations were determined by a 

PerkinElmer PinAAcle 900 atomic absorption spectrometer, using single and multi-element 

hollow cathode lamps (Lumina N3050126 and N3050214) for the determination of Fe and Co, 

respectively. 

4.3. Catalytic wet peroxide oxidation 

Batch CWPO experiments were performed in a well-stirred (600 rpm) glass reactor 

equipped with a condenser, a temperature measurement thermocouple, a pH measurement 

electrode and a sample collection port. The reactor was loaded with the aqueous solution 

of the model pollutant and heated by immersion in an oil bath at controlled temperature. 

Upon stabilization at the desired temperature, the solution pH was adjusted by means of 

H2SO4 and NaOH solutions (0.02 and 1 mol L-1) when necessary, and the experiments were 

allowed to proceed freely, without further pH conditioning. A calculated volume of H2O2 

(30% w/v) was injected into the system, in order to reach the desired concentration. The 
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catalyst was added after complete homogenization of the resulting solution, that moment 

being considered as t0 = 0 min. Pure adsorption runs were also performed in order to assess 

the possible adsorption influence on the pollutant removal by CWPO, but, in this case, the 

amount of H2O2 was replaced by distilled water. Blank experiments, without any catalyst, 

were also carried out to assess possible non-catalytic oxidation promoted by H2O2. 

In order to show the predominant role of heterogeneous catalysis promoted by 

Fe3O4/MGNC and CoFe2O4/MGNC, leaching tests were performed as proposed by Sheldon et 

al. [24], namely by removing the corresponding catalyst after 30 min of reaction at the 

reaction temperature, and allowing the reaction solution to progress further. The 

participation of HO• radicals in the CWPO process was indirectly shown by adding  

tert-butanol (tBuOH) —a strong HO• scavenger [25, 26]. 

4.4. Analytical methods 

Several analytical methods were needed in order to evaluate the performance of the 

materials under study, as described in the following Sections.   

4.4.1. 4-nitrophenol and possible oxidation by-products 

The concentration of 4-nitrophenol (4-NP) was determined by high performance liquid 

chromatography (HPLC), adapting the procedure described elsewhere [27]. For that purpose, 

a Jasco HPLC system equipped with an UV/Vis detector (UV-2075 Plus), a quaternary gradient 

pump (PU-2089 Plus) for solvent delivery (1 mL min-1) and a Kromasil 100-5-C18 column  

(15 cm x 4.6 mm; 5 µm particle size) was employed. The mobile phase consisted in an 

isocratic method of A:B (40:60) mixture of 3% acetic acid and 1% acetonitrile in methanol 

(A) and 3% acetic acid in ultrapure water (B). The absorbance of 4-NP peaked at 318 nm, as 

determined from the corresponding UV-Vis absorption spectrum (Jasco V530). Possible 

intermediates of 4-NP oxidation (e.g., hydroquinone, 1,4-benzoquinone, 4-nitrocatechol, 

catechol and phenol) were monitored using the same system, the absorbance wavelength 

being adjusted to 277 nm.  

The formation and evolution of nitrates and carboxylic acids (e.g., formic, acetic, oxalic, 

malonic, maleic and malic acids) were also monitored using the same Jasco HPLC system, 

this time equipped with an YMC – Triart C18 column (25 cm x 4.6 mm; 5 µm particle size), 

adapting procedures reported elsewhere [28, 29]. The mobile phase consisted in an isocratic 

method of A:B (95:5) mixture of 1% sulphuric acid in ultrapure water (A) and acetonitrile 

(B), delivered to the system at 0.6 mL min-1. The UV/Vis detector was set to 210 nm. 

A thorough description of the HPLC methods used for the determination of the 4-NP 

parent compound and its possible oxidation by-products is provided in Appendix B, including 
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further details on the methods development and validation under the typical criteria for in-

house pre-validations. 

4.4.2. 2-nitrophenol 

The concentration of 2-nitrophenol (2-NP) was determined using the HPLC method 

described for the quantification of 4-NP (cf. Section 4.4.1.), except that the absorbance 

wavelength was adjusted to 277 nm (the maximum absorbance, as determined by the 

analysis of the respective spectrum obtained by UV-Vis spectrophotometry). 

4.4.3. Sulfamethoxazole 

The concentration of sulfamethoxazole (SMX) was determined by HPLC, using an Alliance 

HPLC system equipped with a photodiode array detector (Waters 2996), a separation module 

including a gradient pump (Waters 2695) for solvent delivery (0.35 mL min-1) and a Kinetex 

C18 100A column (150 mm × 3 mm; 2.6 μm particle size) maintained at 45 oC. The mobile 

phase consisted in an isocratic method of ultrapure water (60%) and acetonitrile (40%). The 

absorbance of SMX peaked at 270 nm, as determined from the corresponding UV–Vis 

absorption spectrum (Waters 2996).    

4.4.4. Hydrogen peroxide 

The concentration of hydrogen peroxide (H2O2) was followed by a colorimetric method 

with titanium (IV) oxysulfate, adapted from the procedures described elsewhere [30, 31]. 

For that purpose, each sample was added to 1 mL of H2SO4 solution (0.5 mol L-1) in a 20 mL 

volumetric flask, to which 0.1 mL of titanium oxysulfate was added. The resulting mixture 

was diluted with distilled water and further analysed by UV-Vis spectrophotometry (T70 

spectrometer, PG Instruments, Ltd.) at 405 nm.  

4.4.5. Total organic carbon 

The determination of total organic carbon (TOC) was performed using three apparatus, 

namely: Shimadzu TOC-5000A (Chapter 5), Rosemount Analytical Dohrmann DC-190  

(Chapter 6) and Shimadzu TOC-L CSN (Chapters 7 – 10). 

4.4.6. Chemical oxygen demand 

Chemical oxygen demand (COD) was determined by a closed reflux colorimetric method, 

adapting the procedure described elsewhere [32]. For that purpose, 2 mL of sample was 

mixed with 0.75 mL of potassium dichromate digestion solution (0.15 N) and 3.25 mL of 

sulphuric acid reagent. The mixture was kept at 150 oC for 2 h, and, after cooling down, the 
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absorbance was measured at 436 nm. The sulphuric acid reagent solution was previously 

obtained by adding 6.6 g of silver sulphate to 1 L of concentrated sulphuric acid. A 10:1 

weight ratio of HgSO4:Cl- was ensured in all the analysis in order to avoid the interference 

of chloride ion [32]. The apparent COD value obtained (CODapp) was then corrected 

considering the theoretical interference of residual H2O2, as described in Eq. 4.3, which was 

given elsewhere [33]. Nevertheless, the correction equation was experimentally confirmed 

in this study considering the concentration range 0 ≤ [H2O2] ≤ 692 mg L-1. 

4.4.7. Absorbance spectra 

Absorbance spectra in the range 200 – 660 nm were obtained with a 0.5 nm sampling 

interval, using a T70 spectrometer (PG Instruments, Ltd.). 

4.4.8. Aromaticity 

Aromaticity was estimated by measuring the absorbance at 254 nm —a wavelength at 

which most aromatic compounds typically present a maximum value of absorbance [34]. The 

contribution of residual H2O2 on aromaticity was experimentally determined using H2O2 

standard solutions in the range 10 – 14000 mg L-1. Afterwards, the apparent aromaticity value 

obtained (Aromaticityapp) was corrected considering the interference of residual H2O2, as 

described in Eq. 4.4. 

4.4.9. 5-Day biochemical oxygen demand 

The 5-day biochemical oxygen demand (BOD5) was determined by the standardised 

respirometric OxiTop® method (WTW, Weilheim, Germany). For that purpose, an 

appropriate volume of sample was added into an amber glass bottle (nominal volume 510 

mL) equipped with a magnetic stirrer and a carbon dioxide trap in the headspace (NaOH 

pellets). Each bottle was sealed with an OxiTop® head and then placed in an incubator box 

at constant temperature (20 oC) during the five-day incubation period. The BOD5 value was 

calculated from the pressure decrease in the closed vessel, as recorded via the piezoresistive 

electronic pressure sensors of the OxiTop® measuring system. In the samples collected after 

CWPO, the apparent BOD5 value obtained (BOD5, app) was then corrected considering the 

theoretical interference of residual H2O2, as described in Eq. 4.5. 

COD = CODapp- 0.4706 [H2O2]/ mg L-1 (4.3) 

Aromaticity = Aromaticityapp- 0.0005 [H2O2]/ mg L-1 (4.4) 

BOD5 = BOD5, app+ 0.4706 [H2O2]/ mg L-1 (4.5) 
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4.4.10. Metal leaching 

Dissolved iron content was determined by a colorimetric method using 1,10-phenantroline 

and measuring the absorbance at 510 nm, in accordance with ISO 6332 [35]. For that 

purpose, 4 mL of sample was mixed with 0.5 mL of ascorbic acid solution (12.6 g L-1). After 

30 min, 1 mL of acetate/acetic buffer and 0.5 mL of 1,10-phenantroline solution (2 g L-1) 

were added, and the mixture developed a colour overnight. Afterwards, the absorbance was 

measured at 510 nm against a blank prepared in the same way, except that 1,10-

phenantroline was replaced by ultrapure water. The acetate/acetic buffer was previously 

obtained by dissolving 12.5 g of ammonium acetate in a 50 mL volumetric flask, to which  

35 mL of acetic acid was added. The resulting mixture was diluted with ultrapure water and 

further used. Dissolved nickel and cobalt contents were determined by atomic absorption 

spectroscopy with a PerkinElmer PinAAcle 900 apparatus using a multi-element hollow 

cathode lamp (Lumina N3050214). 

4.4.11. Chlorides 

The concentration of dissolved chlorides was determined by the Mohr method (titration 

with silver nitrate, using potassium chromate as indicator). 

4.4.12. Microbiological assays 

Heterotrophic plate count by the spread plate method was used in order to estimate the 

number of live heterotrophic bacteria in the liquid phase before and after treatment by 

CWPO [36]. For that purpose, 0.1 mL of starting sample and serial 10-fold dilutions were 

spread onto plate count agar (PCA) plates under aseptic conditions and incubated at 28 oC 

during 5 days; counting was performed for plates displaying 10 – 100 colony-forming units 

(CFU), the results being reported as CFU per millilitre (CFU mL-1). All the procedure was 

performed in triplicate.  

The agar disk-diffusion method was used for the antimicrobial susceptibility testing of the 

liquid phase before and after treatment by CWPO [37]. Klebsiella pneumoniae (Gram 

negative) and Bacillus cereus (Gram positive) were selected as test microorganisms. In each 

case, the bacteria were initially grown overnight in nutrient broth (NB) at 37 oC. Afterwards, 

Muller Hinton agar (MHA) plates were inoculated with standardized inocula of the test 

microorganisms (0.5 McFarland; corresponding to 108 CFU mL-1). Then, antibiotics testing 

paper discs (6 mm diameter; Filtres Fioroni) containing 10 μL of the testing solution 

previously sterilized by filtration (0.2 μm), were placed on the agar surface. Finally, possible 

inhibition growth zones surrounding the paper discs were evaluated after 16 and 24 h of 

incubation at 37 oC. The whole procedure was performed in triplicate. 
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4.4.13. Sampling and storage 

For quantification purposes, small aliquots were periodically withdrawn from the reactor, 

and the solids were removed from the liquid phase by centrifugation (10000 rpm). In the 

case of 4-NP, 2-NP and TOC determinations, an excess of sodium sulphite was immediately 

added in order to consume residual H2O2 and to instantaneously stop the reaction [38-40]. 

The samples collected for the determination of H2O2, COD, absorbance spectra, aromaticity 

and BOD5, as well as for the microbiological assays, were immediately placed in ice in order 

to stop the reaction, and kept at 3 oC until the analysis. In the experiments performed with 

SMX, an excess of methanol - a known HO• scavenger [41, 42], was immediately added in 

order to consume residual HO• and to instantaneously stop the reaction, the resulting 

samples being then placed in ice. The samples were filtered (PVDF syringe filters, 0.2 μm) 

prior to analysis. 

Appropriate dilutions were made when necessary. 

4.5. Reproducibility, error and evaluation of the CWPO experimental 

results  

Selected experiments were performed in duplicate and triplicate, in order to assess 

reproducibility and error of the CWPO experimental results. It was found that the standard 

deviation of the 2-NP, 4-NP and H2O2 concentrations was never superior to 1% in the 

experiments performed in duplicate with the nitrophenol aqueous model systems (Chapters 

5, 6, 8 and 10). In the case of the results presented in Chapters 7 and 9, selected experiments 

were performed in triplicate. It was found that the standard deviation of the 4-NP and SMX 

determination was never superior to 3%. Appendix B provides additional details regarding 

the reproducibility and error of 4-NP experimental values obtained in three independent 

CWPO runs. Likewise, the standard deviation of the COD, TOC, H2O2 and aromaticity 

determinations was never superior to 2%, 1%, 4% and 1%, respectively, as determined in 

selected experiments performed in duplicate with the liquid effluent addressed in Chapter 

10. 

Four parameters were defined as described in Eqs. 4.6-9, in order to evaluate the 

performance of the CWPO process at a given time t, namely conversion of a specific 

compound/parameter (Xt), difference of a given pollutant removal due to H2O2 addition 

(dRemoval, t; corresponding to the increase of pollutant removal obtained in CWPO experiments 

compared to that obtained in pure adsorption experiments), average pollutant mass removal 

rate (mRemoval, t), and total organic carbon removal per unit of hydrogen peroxide decomposed 
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(ɳH2O2, t). XCWPO, t and XAdsorption, t represent the Xt obtained in CWPO and pure adsorption runs, 

respectively.  

Xt/ % = 
[pollutant/parameter]0 - [pollutant/parameter]

t

[pollutant/parameter]0
× 100 (4.6) 

dRemoval, t/ % = XCWPO, t - XAdsorption, t (4.7) 

mRemoval, t/ mg g-1 h-1 = 

[pollutant/parameter]0 - [pollutant/parameter]
t

[Catalyst]
t

 
(4.8) 

ɳH2O2, t/ % = 
[TOC]0- [TOC]

t

[H2O2]0-[H2O2]t

 ×100 (4.9) 
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PART II: METAL-FREE CARBON MATERIALS 

The development of metal-free catalysts for the CWPO process is of great interest in 

order to avoid leaching, deactivation and use of high-cost metals. Bearing this in mind:  

- In Chapter 5, a thermally stable and non-porous carbon material (GBCM), with low ash 

content and basic character, was produced by partial carbonization of glycerol with 

sulphuric acid followed by calcination under inert atmosphere. GBCM was further activated 

in air atmosphere at different temperatures. The results obtained with these materials 

highlight the importance of the interplay between chemical and textural properties when 

developing efficient carbon-based catalysts for CWPO; 

- In Chapter 6, the unique structural and electronic transfer properties of graphene-

based materials were explored. The results obtained emphasize the relevance of adsorptive 

interactions between the pollutant molecules and the surface of the catalysts when seeking 

highly efficient CWPO applications. 
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Crude glycerol, resulting from the biodiesel production process, is being offered as an 

abundant and low cost feedstock [1]. As the worldwide biodiesel production increases, so 

does the production of this by-product, making the new markets for crude glycerol a focus 

of attention [2]. Seeking to explore new applications for this residue, a glycerol-based 

carbon material (GBCM) was prepared by partial carbonization of glycerol with sulphuric 

acid, followed by calcination under inert atmosphere. Materials with different properties 

were obtained by further thermal activation of GBCM in air atmosphere at different 

temperatures (from 150 to 350 oC), as described in Section 4.1.1. The resulting materials, 

labelled as GBCM followed by a subscript number corresponding to the activation 

temperature in oC, were explored as metal-free catalysts in the CWPO of 2-nitrophenol  

(2-NP) aqueous model solutions. In the following Sections the properties of the GBCM 

materials are fully characterized and the respective performance in CWPO is evaluated.    

5.1. Textural and surface chemistry characterization 

TGA analysis was initially performed with the non-activated GBCM (cf. Figure C.1, 

included as supplementary information in Appendix C). As observed, the results obtained 

under N2 atmosphere reveal 3.1 wt.% of volatiles (decomposed upon heating), indicating that 

the material is thermally stable up to 900 ºC under inert atmosphere. On the other hand, a 

very low ash content (1.1 wt.%) was quantified by TGA analysis under air atmosphere. 

The effects of the different thermal treatments on the textural and surface chemistry 

properties of the carbon materials were investigated by N2 adsorption-desorption isotherms, 

pHPZC, concentration of acidic and basic sites, and TPD.  

The original GBCM is a non-porous material (Vtotal = 0.02 cm3 g-1 and SBET = 10 m2 g-1), and 

the thermal activation of GBCM in air atmosphere leads to a considerable generation of 

porosity in the resulting materials, the SBET increasing with the temperature applied as well 

as the Vmicro (cf. Table 5.1). Higher activation temperatures lead to a significant development 

of microporosity. In fact, thermal activation of GBCM in air atmosphere at 350 oC leads to a 

tremendous evolution of porosity (ca. 60-fold in SBET and 13.5-fold in Vtotal), resulting in a 

material with a microporosity fraction (Vmicro/Vtotal = 0.90) close to that reported for some 

activated carbons and carbon xerogels [3, 4]. This development of porosity, mostly within 

micropores, obtained through activation in air atmosphere, is clearly visible by SEM, as 

shown in Figure 5.1. 

Regarding the surface chemistry, the original GBCM possesses a basic character, as 

reflected by the pHPZC of 9.5 (cf. Table 5.1) and a concentration of basic functionalities 

higher than that of acidic functionalities (cf. Table 5.2). Overall, the amount of acidic 

functionalities of the resulting materials increases with the activation temperature, a 
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Table 5.1. Properties of the GBCM materials: specific surface area (SBET), non-microporous specific 
surface area (Smeso), micropore volume (Vmicro), total pore volume (Vtotal), average pore diameter (dpore) 
and pH at the point of zero charge (pHPZC)  

Material 

Parameter 

SBET 

(m2 g-1) 
Smeso 

(m2 g-1) 
Vmicro 

(cm3 g-1) 
Vtotal 

(cm3 g-1) 
dpore 

(nm) 
pHPZC

a 

GBCM 10 10 0.00 0.02 8.0 9.5 

GBCM150 25 25 0.00 0.06 9.6 9.2 

GBCM200 400 70 0.16 0.22 2.2 7.6 

GBCM300 520 60 0.19 0.23 1.8 6.2 

GBCM350 600 30 0.24 0.27 1.8 2.6 
a An ilustrative example of the pH drift tests performed for the determination of the pHPZC of the materials 
included in this Ph.D. thesis is shown in Figure C.2.   

 
markedly acidic material (pHPZC = 2.6) being obtained at 350 oC. As expected, this evolution 

is followed by the increase of oxygen-containing groups released during TPD analysis (cf. 

Figure 5.2 and Table 5.2). This effect is particularly observed for temperatures above  

200 oC, suggesting that the increase of acid functionalities is due to the incorporation of 

surface oxygen groups during thermal activation in air atmosphere [5]. 

Deconvolution analysis of the CO2 and CO TPD spectra was performed as described in 

 

 
Figure 5.1. SEM micrographs of (a, b) GBCM and (c, d) GBCM300. Inset of (c): EDS spectrum of GBCM300. 
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Table 5.2. Properties of the GBCM materials: acid-base properties; amounts of CO2 and CO, and 
percentage of oxygen (as obtained from the analysis of the TPD spectra) 

Material 

Parameter 

Acidity 
(μmol g-1) 

Basicity 
(μmol g-1) 

CO2 

(μmol g-1) 
CO 

(μmol g-1) 

O 

(wt.%) 

GBCM 380 590 213 385 1.3 

GBCM150 270 450 255 572 1.7 

GBCM200 310 500 524 940 3.2 

GBCM300 520 400 663 2843 6.7 

GBCM350 1250 250 955 3482 8.6 

 

Section 4.2.3.6, in order to identify and quantify the amounts of the different functional 

groups originally present at the surface of GBCM and/or introduced during thermal activation 

under the oxidative atmosphere of air. Figures 5.3a and b illustrate the deconvolution of the 

CO2 and CO peaks of GBCM300, respectively. The amounts of the functional groups present at 

the surface of the different carbon materials are given in Table 5.3. From these results, it 

can be concluded that the increase of oxygen-containing groups previously commented (cf. 

Figure 5.2 and Table 5.2) is mainly due to the incorporation of lactones, phenols and 

quinones. 

EDS analyses confirmed that the carbon materials produced from glycerol are mainly 

composed of carbon and oxygen, with some residual sulphur in the composition. The inset 

of Figure 5.1c is an example of these results. TPD analysis did not allow to identify the 

nature of possible sulphur containing functional groups, since no detectable signal was 

assigned to the release of SO2 (normally associated with the decomposition of sulphonic acid 

groups or with other sulphur-containing functionalities [6]). However, since the increase of 

the acidity of the materials activated at higher temperatures cannot be fully explained by 

the incorporation of lactones, phenols and quinones, it should be reasonable to expect 

 

 
Figure 5.2. TPD spectra of the GBCM materials: (a) CO2 and (b) CO evolution with temperature. 
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Table 5.3. Deconvolution of the TPD spectra using a multiple Gaussian function, considering peaks 
assigned to strongly acidic carboxylic acids (SA), less acidic carboxylic acids (LA), carboxylic 
anhydrides (Can), lactones (Lac), phenols (Ph), ethers (Eth) and quinones (Qui) 

Material 

CO2 CO2 and CO CO 

SA + LA 
(µmol g-1) 

Lac 
(µmol g-1) 

CAn 
(µmol g-1) 

Ph 
(µmol g-1) 

Eth 
(µmol g-1) 

Qui 
(µmol g-1) 

GBCM 66 48 72 0 100 176 

GBCM150 110 72 53 152 12 332 

GBCM200 220 225 53 298 20 482 

GBCM300 17 514 104 1391 70 1207 

GBCM350 0 762 164 1941 123 1132 

GBCM300, after CWPO 190 0 275 365 0 69 

GBCM300, regenerated 426 167 1260 379 935 444 

 

that some acidic functionalities (not detected by TPD) may be present in the surface of the 

materials. 

5.2. CWPO experiments 

The ability of the carbon materials produced from glycerol to act as metal-free catalysts 

in the CWPO of 2-NP was evaluated through screening experiments performed under the 

conditions detailed in Table 5.4. The removals of 2-NP obtained in pure adsorption and CWPO 

runs performed during 4 h are given in Figure 5.4. The main conclusion withdrawn from this 

set of results is that carbon materials produced from glycerol have catalytic activity for this 

system. After appropriate activation conditions of the parent material, a marked increase 

of the 2-NP removal in the CWPO experiments compared to the pure adsorption experiments 

(dRemoval; determined as described in Eq. 4.7) is observed in the presence of some of the 

produced GBCM materials and, in particular, for the material treated under air atmosphere 

at 300 ºC. In fact, the difference of 2-NP removal due to H2O2 addition goes through a 

maximum, corresponding to a superior performance of GBCM300 (2-fold higher when 

compared to the performance of the non-activated GBCM). Under these conditions, the non-

catalytic removal of 2-NP amounts to ca. 12% of its initial content, which can be considered 

negligible when compared to the removals obtained in the presence of GBCM300 (please refer 

to Figure C.3a for additional details on the non-catalytic experiment). 

The highest removal of 2-NP is observed when using GBCM350 but, in this case, pure 

adsorption experiments may indicate that significant adsorption of 2-NP occurs on the 

surface of this carbon material, reason why GBCM300 was selected for further process 

intensification, reutilization and regeneration studies. In either case, it can be observed that 

very active catalysts can be produced from glycerol by selecting the proper temperature for 

the oxidative treatment under air atmosphere (300 ºC in the present study), a methodology 
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that allows the control of the textural and surface chemical properties of the carbon 

materials. 

Taking into account that (i) the experiments were performed at pH = 3, (ii) the acid 

dissociation constant of 2-NP (pKa = 7.2, thus found in solution predominantly in the 

molecular form) and (iii) the pHPZC of the materials, it can be concluded that electrostatic 

  

 

  

  
Figure 5.3. Deconvolution results of (a, c, e) CO2 and (b, d, f) CO TPD spectra of GBCM300 (a, b) prior 
and (c, d) after the first CWPO cycle performed under process intensification conditions (cf. Table 
5.4, and (e, f) after oxidative thermal regeneration. Dashed lines represent peaks assigned to strongly 
acidic carboxylic acids (SA), less acidic carboxylic acids (LA), carboxylic anhydrides (Can), lactones 
(Lac), phenols (Ph), ethers (Eth) and quinones (Qui). Dotted lines represent cumulative peak fitting. 
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interactions between the surface of the carbon materials and the 2-NP molecules, by itself, 

shouldn’t be the main driving force to explain the different adsorption behaviour of the 

materials [7, 8]. Considering the specific surface areas, the carbon material with the highest 

porous structure (i.e., GBCM350, with SBET = 598 m2 g-1) would be expected to show the best 

adsorption performance, which is confirmed by the adsorption results obtained. 

CWPO is a much more complex process than pure adsorption. Several authors reported 

carbon materials with basic character as more active for H2O2 decomposition in CWPO 

processes [9-12] and that acidic oxygen-containing functionalities existing at the surface —

having an electron withdrawal capacity—, limit their catalytic performance [11-13]. As 

observed, the material that better combines all of these properties is in fact GBCM300, which 

shows the best catalytic activity in the removal of 2-NP by CWPO, corresponding to an 

average pollutant mass removal rate of 24.5 mg g-1 h-1 (determined as described in Eq. 4.8). 

This material possesses an interesting development of porosity (SBET = 520 m2 g-1,  

Smeso = 60 m2 g-1, Vmicro = 0.19 cm3 g-1), enabling the adsorption of the organic pollutant on its 

surface, and a basicity of 400 µmol g-1 (almost 2-fold higher than that of GBCM350), which 

combined with an inferior oxygen content (6.7 wt.%) leads to higher activation of H2O2 

molecules in close proximity of the 2-NP molecules. Hereupon, it is concluded that a balance 

between the textural and chemical properties is crucial in the synthesis of highly active 

catalysts for the CWPO process. Materials activated at lower temperatures have an 

important basic character (basicity > 450 µmol g-1), with a lower oxygen content (< 3.2%), 

but also a very poor porous structure, while the material activated at the highest 

temperature (350 ºC) has a significant porosity, but a very high oxygen content (8.6%), 

combined with a low basicity (250 µmol g-1). 

 

 

Figure 5.4. 2-NP removals in adsorption and CWPO runs (bars/left axis) after 4 h, and respective 
difference due to H2O2 addition [dRemoval (squares/right axis)]. Experiments performed with  
[2-NP]0 = 0.1 g L-1, [Catalyst/adsorbent] = 1.0 g L-1, [H2O2]0 = 1.18 g L-1, T = 50 oC and pH = 3. 
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5.2.1. Process intensification 

In order to assess the ability of GBCM300 to act as catalyst in CWPO processes under 

intensified conditions, which may be potentially more attractive for industrial applications 

(i.e., to treat waste waters with higher pollutant concentrations and lower catalyst and H2O2 

consumptions per mass of pollutant, thus increasing the efficiency of the catalyst and H2O2 

usage), the concentration of 2-NP was increased to 0.5 g L-1, the load of GBCM300 was 

decreased to 0.25 g L-1, and the dosage of H2O2 in the CWPO process was lowered to the 

stoichiometric amount theoretically needed to completely mineralise 2-NP. The 2-NP 

removals obtained as a function of time in adsorption and CWPO runs performed with 

GBCM300 under these intensified operating conditions, together with the non-catalytic 

removal obtained in the same operating conditions, are collected in Figure 5.5. As observed, 

both adsorption and non-catalytic removals are negligible when compared to the 2-NP 

removal obtained by CWPO (please refer to Figure C.3b for additional details on the non-

catalytic experiment). By comparing the average pollutant mass removal rate obtained 

under intensified conditions (67.6 mg g-1 h-1) to that obtained under the conditions of Figure 

5.4 (24.5 mg g-1 h-1), it can be concluded that the efficiency of GBCM300 usage is clearly 

increased (ca. 2.8-fold) when the CWPO process is implemented under intensified 

conditions. 

5.2.2. Reusability cycles 

The stability of GBCM300 —a basic requirement for industrial scale applications— was 

tested in a series of three consecutive CWPO runs. For that purpose, after each run, the 

catalyst was filtered, washed and dried at 60 oC overnight, and then reused in CWPO with a  

 

  
Figure 5.5. 2-NP and H2O2 normalized concentrations obtained as a function of time in the CWPO run 
performed with GBCM300. Experiments performed with [2-NP]0 = 0.5 g L-1, [GBCM300] = 0.25 g L-1,  
[H2O2]0 = 1.78 g L-1 (stoichiometric amount), T = 50 oC and pH = 3. 2-NP removals by adsorption are 
also shown for comparison. 
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fresh 2-NP solution. The 2-NP, TOC and H2O2 conversions obtained after 24 h of reaction in 

this series of experiments with successive reuse of GBCM300 are given in Figure 5.6. As 

observed, the 2-NP and TOC removals obtained in the first cycle are higher when compared 

to the removals observed in the second cycle. This phenomenon was somehow expected due 

to the contribution of adsorption in the first use of the catalyst. However, a closer analysis 

reveals that adsorption, only by itself, is not enough to justify the difference between the 

2-NP removals observed in the first and in the second runs. In fact, as recently shown in the 

CWPO of phenol over microporous activated carbon catalysts [14], this decrease of the 

catalytic activity of GBCM300 may also be explained by deactivation of the carbon active sites 

responsible for hydrogen peroxide decomposition into HO• radicals, due to reduction of the 

specific surface area caused by 2-NP reaction by-products adsorbed or deposited on the 

carbon surface. In order to confirm this hypothesis, the textural properties of GBCM300 

collected after the first CWPO cycle (GBCM300, after CWPO) were determined: SBET = 180 m2 g-1,  

Vmicro = 0.04 cm3 g-1, Vtotal = 0.10 cm3 g-1. By comparing these properties to those of GBCM300 

(cf. Table 5.1), a significant decrease of porosity is observed. For instance, the SBET decreases 

from 520 m2 g-1 to 180 m2 g-1 upon application of GBCM300 in the CWPO of 2-NP under 

intensified conditions. Likewise, the effect of CWPO on the surface chemistry properties of 

GBCM300 was also evaluated. For that purpose, GBCM300, after CWPO was analysed by TPD (cf. 

Figure 5.3 and Table 5.3). As observed, CWPO leads to an increase of the amount of 

carboxylic acids (from 17 to 190 μmol g-1) and carboxylic anhydrides (104 to 275 μmol g-1) at 

the surface of GBCM300, while the amounts of all the other surface groups are significantly 

decreased (some groups being completely removed). These observations point out two 

possible cumulative effects: on the one hand, (i) the number of available electron rich 

donating active sites is expected to decrease with the increase of acidic functionalities,  

  

   
Figure 5.6. 2-NP, TOC and H2O2 conversions obtained after 24 h in a series of three CWPO runs 
performed with consecutive reuse of GBCM300, and with GBCM300 regenerated after the first cycle. 
Experiments performed under the operating conditions given in Figure 5.5. 
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since these functional groups are generated in the same active sites by capture of the 

available unpaired π electrons [13]; on the other hand, (ii) the decrease of electron donating 

species (i.e., reducing species) such as phenols and ethers containing alkyl groups, which is 

a necessary condition to promote the decomposition of H2O2 into HO•, through the reaction 

described by Eq. 2.8, is expected to hinder the efficiency of the catalytic decomposition of 

H2O2 during CWPO [9-12, 15, 16]. Indeed, a significant decrease of H2O2 decomposition was 

observed from the first to the second CWPO cycle (cf. Figure 5.6). At the same time, TOC 

removal is lower than 2-NP removal, suggesting the formation of oxidation by-products. From 

the second run to the third run only slight variations were observed. Nevertheless, the 2-NP 

and TOC removals are clearly decreased when compared to those obtained when using the 

fresh GBCM300 material. 

In order to study the possible impact of the effects described in (i) and (ii), a simple 

oxidative thermal regeneration of GBCM300, after CWPO was carried out, considering the same 

conditions used for its initial activation (i.e., treatment in air atmosphere at 300 oC during 

60 min). The weight loss due to the thermal regeneration amounts to 25 wt.%. The results 

obtained with the resulting material (GBCM300, regenerated) are also shown in Figure 5.6. As 

observed, the catalyst activity is effectively recovered, the 2-NP and TOC removals obtained 

with GBCM300, regenerated being similar to those obtained with the fresh catalyst. Furthermore, 

the extent of H2O2 decomposition is also similar.  

The textural properties of GBCM300, regenerated were also analysed. In this case, no significant 

variations in porosity were observed after the regeneration treatment (SBET = 160 m2 g-1, 

Vmicro = 0.04 cm3 g-1, Vtotal = 0.09 cm3 g-1). However, significant changes in the surface 

chemistry were promoted, as observed by TPD analysis (cf. Figure 5.3 and Table 5.3). 

Specifically, it was observed an increase of the amount of all the oxygen-containing surface 

groups considered when compared to GBCM300, after CWPO, including electron-withdrawing (e.g., 

carboxylic acids) and electron donating (e.g., phenols and ethers containing alkyl groups) 

species. Nevertheless, the higher increase was observed for the amount of ethers, namely 

from 0 (GBCM300, after CWPO) to 935 μmol g-1 (GBCM300, regenerated). It should be noted that the initial 

amount of ethers at the surface of the fresh GBCM300 is 70 μmol g-1. The recovery of the 

catalyst activity can thus be ascribed to the changes in the surface chemistry of the material 

promoted by the thermal regeneration procedure. 

5.3. Conclusions 

The results reported in this Chapter highlight the importance of the interplay between 

chemical and textural properties when developing efficient carbon-based catalysts for  
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Table 5.4. Experimental details of the CWPO experiments reported in Chapter 5 

Aqueous model system 
Reactor/solution 

volume 
Operating conditions 

H2O2 stoichiometric 
ratioa 

[Pollutant]/ 
[catalyst] 

2-nitrophenol 
(0.1 g L-1) 

500 mL/ 250 mL Screening experiments 
[Catalyst] = 1.0 g L-1 
[H2O2]0 = 1.18 g L-1 
T = 50 oC; pH0 = 3 

t = 4 h  

3 0.1 

2-nitrophenol 
(0.5 g L-1) 

500 mL/ 250 mL Process intensification 
[Catalyst] = 0.25 g L-1 

[H2O2]0 = 1.78 g L-1 
T = 50 oC; pH0 = 3 

t = 24 h 

1 2 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete 
mineralization of the pollutant considered. 

 

CWPO. The higher catalytic activity of GBCM300 was ascribed to a combination of properties: 

the adequate development of porosity, enabling the adsorption of the organic pollutant on 

its surface, and a basicity of 400 µmol g-1 (almost twice higher than that of GBCM350), which 

combined with lower oxygen content led to higher activity for the decomposition of H2O2 

molecules in close proximity with adsorbed 2-NP molecules. Materials activated at lower 

temperatures have an important basic character (basicity > 450 µmol g-1), with a low oxygen 

content (< 3.2%), but also a very poor porous structure, while the material activated at the 

highest temperature (350 ºC) has a significant porosity, but a very high oxygen content (8.6%) 

combined with a low basicity (250 µmol g-1). 

5.4. Experimental details 

The CWPO experiments reported in Chapter 5 were performed under the conditions 

detailed in Table 5.4. Please refer to Chapter 4 for additional details on the experimental 

procedures. 
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6.  GRAPHENE-BASED MATERIALS 
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Graphene and its derivatives possess unique electronic, optical, thermal and mechanical 

properties, in addition to large theoretical specific surface areas and high adsorption 

capacities [1-3]. Graphene properties fascinated the scientific community, as recognized by 

a Nobel Prize in 2010. This two-dimensional honeycomb lattice, formed by hexagonally 

arrayed sp2-bonded carbon atoms, can be considered as the basic building block for all other 

dimensionalities: 0D buckyballs, 1D nanotubes or 3D graphite [1, 4]. Specifically, it is known 

that the strong σ bonds work as the rigid backbone of the 2D honeycomb graphene structure, 

whereas the out-of plane π bonds control the interaction between the graphene sheets, 

allowing delocalized π electrons to be easily conducted through the basal plane [1]. Two 

distinct types of sites can be found in perfect graphene layers of carbon materials: (i) the 

basal plane sites, which are associated with the sp2-hybridized aromatic carbon atoms 

forming the surface of the basal planes (i.e., within the graphene sheet) and (ii) the edge 

sites, which are the terminal sites of graphene layers [5, 6]. The latter are usually considered 

more electrochemically active than the former, due to the presence of higher amounts of 

delocalized unpaired π electrons [5, 6]. Structural defects may have been traditionally seen 

as imperfections in materials that could significantly decrease their performance [7]. 

However, at the nanoscale, defects can be extremely useful since they may be exploited to 

generate novel materials and applications [7]. 

One of the most popular and developed ways to produce graphene-based materials 

consists of the initial strong chemical oxidation of natural graphite to graphite oxide, 

followed by mechanical, chemical or thermal exfoliation of graphite oxide to graphene oxide 

(GO) sheets, which are finally chemically reduced, resulting in reduced graphene oxide (rGO) 

materials [1, 2]. In this way, three rGO samples were previously prepared elsewhere from 

GO [8], using different reducing agents (i.e., glucose, hydrazine and vitamin C), as described 

in Section 4.1.2. Aiming to explore the presence of electron donating active sites at the 

surface of graphene-based materials, and their unique structural and electronic transfer 

properties, these materials were explored as metal-free catalysts in the CWPO of 4-

nitrophenol (4-NP) aqueous model solutions with high pollutant load (5 g L-1). In the following 

Sections, the most relevant properties of the graphene-based materials are characterized 

and the respective performance in CWPO is evaluated.    

6.1. Textural and surface chemistry characterization 

All the graphene-based materials used in this work were extensively characterized in a 

previous publication related to the synthesis of graphene-based TiO2 composites for 

photocatalysis [8]. Notwithstanding, the most relevant data are presented in this Section for 

the sake of discussion. 
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Table 6.1. Properties of the graphene-based materials: specific surface area (SBET), non-microporous 
specific surface area (Smeso), micropore volume (Vmicro) and pH at the point of zero charge (pHPZC). 
Raman spectroscopy intensity ratios of the D bands relative to the G mode (ID/IG) are also included for 
the rGO samples  

Material 

Parameter 

SBET 

(m2 g-1) 
Smeso 

(m2 g-1) 
Vmicro 

(cm3 g-1) 
pHPZC

a 
ID/IGa

 

514.5 nm        785 nm 

GO 23 23 0 2.8 - - 

rGOG 94 90 0.004 5.2 1.85 4.00 

rGOH 413 329 0.039 5.5 2.50 4.58 

rGOV 29 0 0 5.1 2.16 4.26 
a Data collected from [8]. 

 

The original GO is a non-porous material (SBET = 23 m2 g-1 and Vmicro = 0 cm3 g-1), and the 

textural properties of the rGO samples are affected differently by the type of reducing agent 

that is employed (cf. Table 6.1). For instance, rGOG and rGOH present some microporosity 

(Vmicro of 0.004 cm3 g-1 and 0.039 cm3 g-1, respectively), while rGOV apparently maintains the 

non-porous character of GO (SBET = 29 m2 g-1 and Vmicro = 0 cm3 g-1). This effect can be 

attributed to the distinct extents of structural defects occurring with different reducing 

agents, as observed through Raman spectroscopy. Accordingly, the Raman intensity ratios of 

the D bands relative to the G mode (ID/IG) of the rGO samples, previously calculated from 

the areas of the corresponding Raman bands, at 514.5 and 785 nm, respectively [8], are also 

included in Table 6.1. As can be observed, rGOG presents the lowest ID/IG values, suggesting 

that it contains the lowest number of defects [8], followed by rGOV and rGOH.  

As previously reported [8], and also shown in Table 6.1, an increase of the pHPZC values 

was observed for the rGO samples (ranging from 5.1 to 5.5) compared to GO (2.8), showing 

that the carbon surface becomes less acidic after the chemical treatments with different 

  

 
Figure 6.1. 4-NP removal obtained as a function of time in CWPO runs performed with the graphene-
based materials. Experiments performed with [4-NP]0 = 5.0 g L-1, [catalyst] = 2.5 g L-1, 
[H2O2]0 = 17.8 g L-1 (stoichiometric amount), T = 50 oC and pH = 3. 
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agents (also confirmed by the TPD results, which are not shown), due to the removal of 

acidic surface functional groups from GO. 

6.2. CWPO experiments 

The performance of the graphene-based materials in the CWPO of highly concentrated  

4-NP aqueous model solutions (5 g L-1) was evaluated in screening experiments performed 

under the operating conditions detailed in Table 6.2. The corresponding 4-NP removal curves 

are shown in Figure 6.1. As observed, the 4-NP removal obtained after 24 h in the  

non-catalytic experiment is below 7% of its initial content (please refer to Figure C.4a for 

additional details on the non-catalytic experiment), which is negligible when compared to 

that obtained in the presence of the graphene-based catalysts. In addition, these preliminary 

results suggest that the performances of the rGO samples are largely superior to the 

performance of their precursor (GO). However, the possible adsorption contribution on the 

removal of 4-NP by CWPO must be estimated. For that purpose, pure adsorption experiments 

were also carried out with all the graphene-based materials. As observed, all the graphene-

based materials are unequivocally active catalysts for the CWPO of highly concentrated  

4-NP solutions at mild conditions, since the removals of 4-NP obtained in CWPO runs are 

markedly superior to the removals obtained by pure adsorption (cf. Figure 6.2). In order to 

better assess the catalytic performance of the materials, the parameter dRemoval was 

considered once again (cf. Eq. 4.7). Accordingly, it can be concluded that the catalytic 

activity of the graphene-based materials follows the sequence: rGOV > rGOH > rGOG > GO. 

Specifically, the use of rGOV as catalyst allows a 4-NP mass removal rate of  

53.9 mg g-1 h-1 (cf. Eq. 4.8). The highest removal of 4-NP is observed when using rGOG  

(54.1 mg g-1 h-1) but, in this case, pure adsorption experiments indicate that a larger  

 

 
Figure 6.2. 4-NP removal in adsorption and CWPO runs (bars/left axis) after 24 h, and respective 
difference due to H2O2 addition [dRemoval (squares/right axis)]. Experiments performed under the 
operating conditions given in Figure 6.1. 
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adsorption of 4-NP may occur on the surface of this carbon material during CWPO. 

Given that the best performances in the CWPO of 4-NP were observed when the rGO 

samples were used as catalysts, only these graphene-based materials were selected for 

additional studies. 

6.2.1. Efficiency of H2O2 consumption 

TOC and H2O2 evolution were also monitored during the CWPO runs performed with the 

rGO samples. This methodology enables a more detailed analysis regarding their catalytic 

activity, based on the TOC and H2O2 removals (XTOC and XH2O2, respectively) obtained at the 

end of each CWPO run (24 h). Although the TOC removal was found to be quite similar 

(23.0% ≤ XTOC ≤ 24.7%), XH2O2 ranges from 30.4% (rGOG) to 54.7% (rGOH). These observations 

suggest that the products resulting from the decomposition of H2O2 catalysed by the rGO 

samples might proceed via distinct catalytic reaction pathways; for instance, it is known 

that H2O2 can be catalytically decomposed via formation of HO• radicals with further 

efficient reaction of HO• radicals with the organic pollutants; or end up with the formation 

of oxygen and water, resulting from non-efficient parasite reactions occurring between 

formed HO• radicals and H2O2 molecules. In order to enquire about the quality of the H2O2 

decomposition at the surface of the rGO samples, the parameter ɳH2O2 was introduced —

corresponding to the TOC removal per unit of H2O2 decomposed (obtained as described in 

Eq. 4.9). Values in the range of 45.2% to 75.6% were obtained through this approach, the 

ɳH2O2 following the sequence: rGOG > rGOV > rGOH.  

Clear relationships are found when ɳH2O2 is analysed together with the apparent structural 

disorder (as inferred from the ratios ID/IG, cf. Table 6.1) and the 4-NP adsorption behaviour 

  

 
Figure 6.3. TOC removal per unit of H2O2 decomposed [ɳH2O2 (symbols/left axis)] and adsorption 

removal (bars/right axis) as a function of the intensity ratios of the D bands relative to the G mode 
(ID/IG) for the rGO samples. Points represent experimental data, while dashed lines represent the 
linear fittings. 
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(cf. Figure 6.2) of the rGO samples. First, it is observed that, in the particular case of the 

rGO samples employed in this study, higher amounts of structural defects lead to lower 

values of ɳH2O2, although graphene-based materials with higher amounts of structural defects 

resulted in increased catalytic decomposition of H2O2. The relationship becomes evident 

when ɳH2O2 is plotted against the intensity ratios of the D bands relative to the G mode (ID/IG) 

for the rGO samples (cf. Figure 6.3). Although not directly supported by quantification of 

the HO• formed during the process, this effect may be explained by confinement of the 

electron rich regions caused by the structural defects, leading to an increase of electron 

density at those regions which act as active sites for the reaction, increasing the generation 

of HO• radicals. However, higher concentration of HO• radicals will not necessarily lead to 

higher efficiency of the CWPO process, since the amount of parasitic reactions is also 

expected to increase significantly, thus reducing ɳH2O2. Second, it is also observed in  

Figure 6.3 that ɳH2O2 follows the same order as the extent of 4-NP adsorption on the surface 

of the rGO samples. Thus, in the particular case of the rGO samples, the balance between a 

more controlled catalytic decomposition of H2O2, together with higher pollutant 

concentration nearby the generated HO• radicals, lead to the highest efficiency of the CWPO 

process. These observations suggest that ɳH2O2 is favoured by higher pollutant concentrations 

at the surface of the catalysts, explained by a more efficient use of the HO• radicals formed 

nearby the adsorbed molecules leading to further oxidation. The two opposite reaction 

pathways are depicted in Figure 6.4.  

6.2.2. Reusability cycles 

Although in different extents, all the rGO samples (rGOV, rGOH and rGOG) exhibited  

 

  
Figure 6.4. Representation of electron-rich regions caused by structural defects existing in reduced 
graphene oxide sheets, which act as active sites for the formation of HO• radicals: (a) in the absence 
of 4-NP molecules, and (b) in close proximity with adsorbed 4-NP molecules. 
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catalytic activity for the CWPO of highly concentrated 4-NP solutions. Thus, all these 

materials were selected for further studies on their catalytic stability in the CWPO process. 

For that purpose, after each run, the catalyst was filtered, washed and dried at 60 oC 

overnight, and then reused in CWPO with a fresh 4-NP solution. The 4-NP, TOC and H2O2 

conversions, as well as the corresponding ɳH2O2 obtained after 24 h of reaction in this series 

of three experiments are given in Figure 6.5. 

Different behaviours are observed in respect to the stability of the rGO catalysts. In the 

case of rGOG, the 4-NP mass removal rate decreases from 54.1 mg g-1 h-1, in the first run, to  

29.2 mg g-1 h-1 and 17.8 mg g-1 h-1, in the second and third runs, respectively. Likewise, the 

TOC removal also decreases. In the opposite trend, the ɳH2O2 obtained after 24 h of reaction 

in this series of three experiments performed with rGOG increases during its successive 

reuse, reaching a value as high as 98.1% in the third CWPO cycle. When rGOH is considered, 

it can be seen that the catalytic activity of this graphene-based material is kept without 

noteworthy variation during its successive reuse. Specifically, the 4-NP mass removal rate 

decreases from around 40.8 mg g-1 h-1, in the first and second runs, to 35.0 mg g-1 h-1, in the 

third run. Furthermore, the TOC mass removal rate reaches 10.7 mg g-1 h-1, in the first run, 

decreasing to a still significant 5.8 mg g-1 h-1. Finally, both 4-NP and TOC removals gradually 

decrease during the successive reuse of rGOV. Therefore, from a general point of view, the 

data given in Figure 6.5 allow to conclude that rGOH presents the highest catalytic stability 

among the tested graphene-based materials.  

  

 
Figure 6.5. 4-NP, TOC and H2O2 conversions obtained after 24 h in a series of three CWPO runs 
performed with consecutive reuse of the rGO samples (bars/left axis), and respective TOC removal 
per unit of H2O2 decomposed [ɳH2O2 (squares/right axis)]. Experiments performed under the operating 

conditions given in Figure 6.1. 
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6.2.3. Oxidation mechanism 

In order to understand the oxidation/mineralization mechanism in the CWPO of highly 

concentrated 4-NP solutions, performed at mild conditions and using graphene-based 

materials as catalysts, the presence of some possible aromatic and non-aromatic by-products 

was explored. Since the highest catalytic activity was found for the rGOV sample (cf.  

Figure 6.2), the time-evolution of aromatic and non-aromatic compounds resulting from the 

CWPO of 4-NP performed with this material was followed, as given in Figures 6.6a and b, 

respectively. Based on the identified compounds, the mechanism depicted in Figure 6.7 was 

proposed. 

It is well known that the reaction mechanism of HO• radicals with aromatic 

compounds proceeds mainly through an electrophilic addition to the aromatic ring [9-11]. 

The phenolic –OH group is electron-donating for the electrophilic aromatic substitution, thus 

increasing the electron density both in the ortho and in the para positions [9]. On the other 

hand, the –NO2 group is electron-withdrawing, thus being meta directing [9]. In the particular 

case of 4-NP (i.e., in the presence of both substituents), the electrophilic attack will occur 

preferably at the ortho position in respect to the –OH group, leading to the formation of 

4-nitrocatechol [9, 11]. This mechanism is well evidenced in Figure 6.6a, since 4-

nitrocatechol is the main aromatic intermediate of the 4-NP mineralization by CWPO.  

Furthermore, an aromatic substitution of the –NO2 group may occur due to an ipso attack 

of the HO• radical at the para position in respect to the –OH group, hydroquinone being 

obtained [10, 11]. Hydroquinone was also identified as an intermediate of the 4-NP 

mineralization through CWPO (cf. Figure 6.6a), although in a smaller extent when compared 

to 4-nitrocatechol. On the other hand, hydroquinone is known to be very easily oxidized into  

 

  
Figure 6.6. Evolution of (a) aromatic and (b) non-aromatic by-products of 4-NP oxidation, when using 
rGOV in the CWPO process developed under the operating conditions given in Figure 6.1. 
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benzoquinone [11]. Thus, benzoquinone formation would be expected from the reaction of 

hydroquinone with highly oxidizing species such as HO• radicals. As can be seen in  

Figure 6.6a, benzoquinone was effectively detected in the final stage of the experiment. 

Trace amounts of catechol were also detected, probably resulting from the cleavage of the 

–NO2 group and subsequent electrophilic attack of the HO• radical at the ortho position. 

Further attacks of HO• radicals on these aromatic intermediate compounds will eventually 

lead to the aromatic ring opening, and thus to the formation of a series of low molecular 

weight carboxylic acids, which subsequently are mineralized to carbon dioxide and water 

[10, 11]. In this study, several carboxylic acids were investigated (e.g., formic, acetic, 

oxalic, malonic, maleic and malic acids). Nevertheless, only four were effectively detected 

and quantified (cf. Figure 6.6b). Malonic acid was the main carboxylic acid detected.   

Finally, nitrates can be produced from the –NO2 group of the aromatic ring under the 

oxidation conditions employed [11]. From the concentration profile of nitrates given in 

Figure 6.6b, the effectiveness of the –NO2 group subtraction from the main aromatic ring 

through the CWPO process is confirmed. 

  

 
Figure 6.7. Mechanism proposed for the CWPO of 4-NP. 
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Table 6.2. Experimental details of the CWPO experiments reported in Chapter 6 

Aqueous model system 
Reactor/solution 

volume 
Operating conditions 

H2O2 stoichiometric 
ratioa 

[Pollutant]/ 
[catalyst] 

4-nitrophenol 
(5.0 g L-1) 

250 mL/ 50 mL [Catalyst] = 2.5 g L-1 
[H2O2]0 = 17.8 g L-1 
T = 50 oC; pH0 = 3 

t = 24 h  

1 2 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete 
mineralization of the pollutant considered. 

6.3. Conclusions 

The number of defects in the structure of reduced graphene oxide was related with the 

enhanced H2O2 decomposition. Although not directly supported by quantification of the HO• 

formed during the process, this effect was ascribed to the confinement of electron-rich 

regions caused by structural defects, leading to an increased electron density at those 

regions, which act as active sites for the catalytic decomposition of H2O2, increasing the 

formation of HO•. However, this does not necessarily lead to higher efficiency of the CWPO 

process. Indeed, the balance between a more controlled catalytic decomposition of H2O2, 

together with higher pollutant concentration nearby the recently formed HO•, allows for the 

highest efficiency of H2O2 consumption during CWPO. Therefore, the results herein 

presented highlight the importance of adsorptive interactions between the pollutant 

molecules and the surface of the catalysts when developing efficient carbon-based catalysts 

for CWPO.  

The 4-NP oxidation proceeds by initial aromatic hydroxyl oxidative attack followed by 

oxidative fragmentation, with release of nitrates, as confirmed by the identification of 4-

nitrocatechol, hydroquinone, benzoquinone and catechol. Furthermore, several low 

molecular weight carboxylic acids were observed, including malonic, malic, maleic and 

acetic acids, allowing the mechanistic interpretation. 

6.4. Experimental details 

The CWPO experiments reported in Chapter 6 were performed under the conditions 

detailed in Table 6.2. Please refer to Chapter 4 for additional details on the experimental 

procedures. 
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PART III: CARBON EMBEDDED MAGNETIC COMPOSITES 

Hybrid magnetic carbon composites can be regarded as the new generation of catalysts 

for CWPO. Within these composite materials, carbon structures decorated with magnetic 

particles were initially studied. For that purpose, as shown in Chapter 7, magnetic carbon 

xerogels consisting of interconnected carbon microspheres with iron and/or cobalt 

microparticles embedded in their structure were developed by a simple route. A carbon 

xerogel was selected as base material for this study since it inherently possesses a well-

developed porosity and a non-acidic overall surface charge, which, as discussed in Part II, 

are fundamental requirements when designing efficient carbon-based catalysts for CWPO. 

The results obtained in Chapter 7 revealed a clear synergy arising from the simultaneous 

inclusion of iron and cobalt species within carbon frameworks. 
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7.  MAGNETIC CARBON XEROGELS 
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Three magnetic carbon xerogels, consisting of interconnected carbon microspheres with 

iron and/or cobalt microparticles embedded in their structure, were developed as described 

in Section 4.1.3. The monometallic catalysts containing only iron and cobalt were denoted 

as CX/Fe and CX/Co, while the bimetallic catalyst was denoted as CX/CoFe. A carbon xerogel 

prepared in the absence of metal precursors (CX) was also considered for comparison. As 

inferred from the characterization data, materials with distinctive properties may be 

directly obtained upon inclusion of iron and/or cobalt precursors during the sol-gel 

polymerization of resorcinol and formaldehyde, followed by thermal treatment. The unique 

electrochemical properties typically yielded by this type of carbon microstructures [1, 2] 

were explored in the CWPO of 4-NP aqueous model solutions with high pollutant load  

(5 g L-1; considering a fixed pollutant/catalyst mass ratio of 2), together with the high 

catalytic activity of iron species. In the following Sections, the properties of the carbon 

xerogel materials are fully characterized and the respective performance in CWPO is 

evaluated. In addition, a detailed reaction mechanism is proposed for the surface catalytic 

reactions occurring over the iron-containing magnetic carbon xerogels.  

7.1. Textural and surface chemistry characterization 

Both CX and the magnetic carbon xerogels were extensively characterized. The main 

textural properties of the carbon xerogel materials are given in Table 7.1. As observed, all 

the carbon xerogel materials have a well-developed specific surface area, with SBET values 

in the range 510 – 650 m2 g-1. CX is mainly a mesoporous material, with a ratio  

Vmic/Vtotal = 0.17 and dpore = 6.7 nm. However, as observed from the corresponding values of 

Smeso, the inclusion of metal species leads to a substantial decrease of the mesoporous area, 

the resulting magnetic carbon xerogels being mainly microporous materials. This effect is 

particularly pronounced when Co is incorporated, with CX/CoFe and CX/Co having a strong 

microporous character (Vmic/Vtotal = 0.67 and 0.82, respectively, and dpore of ca. 2 nm).  

Regarding the surface chemistry, the inclusion of metal species, in particular Fe, leads to 

a slight decrease in the basicity of the resulting carbon xerogel materials when compared to 

that of CX, as observed from the corresponding values of pHPZC also given in Table 7.1. The 

total Fe content in the bimetallic CX/CoFe catalyst is lower than that embedded in the 

structure of the monometallic CX/Fe; on the opposite, a higher total content of Co is 

observed in the bimetallic CX/CoFe when compared to the monometallic CX/Co (cf.  

Table 7.2). 

The carbon xerogel materials were also analysed by SEM-EDS. As observed in Figure 7.1, 

the morphology of the materials helps to elucidate the differences observed in the textural 
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Table 7.1. Properties of the carbon xerogel materials: specific surface area (SBET), non-microporous 
specific surface area (Smeso), micropore volume (Vmicro), total pore volume (Vtotal), average pore 
diameter (dpore) and pH at the point of zero charge (pHPZC)  

Material 

Parameter 

SBET 

(m2 g-1) 
Smeso 

(m2 g-1) 
Vmicro 

(cm3 g-1) 
Vtotal 

(cm3 g-1) 
dpore 

(nm) 
pHPZC 

CX 650 240 0.19 1.09 6.7 9.2 

CX/Fe 510 90 0.17 0.46 3.6 6.6 

CX/Co 580 30 0.23 0.28 1.9 8.3 

CX/CoFe 530 40 0.20 0.30 2.3 7.7 

 

properties of the carbon xerogels with and without metal species embedded in their 

structures. Figures 7.1a and e correspond to CX, a typical carbon xerogel material, composed 

by large particles of carbon (153 ± 51 μm, as determined from SEM measurements). This is 

the result of the sol-gel polycondensation of resorcinol (R) and formaldehyde (F), in which 

two main reactions occur: (i) addition of F to the aromatic ring of R, leading to the formation 

of reactive R anions and hydroxymethyl derivatives; (ii) condensation of the hydroxymethyl 

derivatives to form methylene and methylene ether bridged compounds [3]. The 

condensation products form clusters whose aggregation leads to the formation of large 

particles. The concentration of F and R, as well as the pH, are the most important factors 

controlling the properties of the RF gels [3], and thus the properties of the resulting carbon 

xerogels after thermal annealing. On the opposite, the magnetic carbon xerogels are 

composed by aggregates of interconnected carbon microspheres (cf. Figures 7.1b-d) with 

iron and/or cobalt microparticles embedded in their structure (cf. Figures 7.1f-h). This 

observation suggests that the aggregation of clusters formed during the polycondensation of 

R and F is limited by both metals considered. Nevertheless, the size of the primary carbon 

microspheres and the size and distribution of the metal particles are different. Bearing this 

in mind, and since the magnetic carbon xerogels were prepared in the exactly same 

conditions as CX, except that iron and/or cobalt precursors were added during the sol-gel 

polycondensation of R and F, it can be concluded that the nature of the metal precursor 

affects the structure and morphology of the resulting carbon xerogel materials. As previously 

described elsewhere, the metal cations are expected to form bonds with the negatively 

charged functional groups of the RF gel, thus being able to catalyse the polymerization 

reaction and to influence the structure of the carbon xerogel [3]. 

A deeper analysis of Figures 7.1b-d suggests that CX/Fe possesses the biggest and more 

complex aggregates of interconnected primary carbon microspheres among the magnetic 

carbon xerogels, whereas CX/Co is at the opposite position, with the less extended 

aggregates; the bimetallic CX/CoFe possesses intermediate properties when compared to 
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Figure 7.1. SEM micrographs of (a) CX, (b) CX/Fe, (c) CX/Co and (d) CX/CoFe, obtained in (main) BSE 
and (inset) SE mode. EDS spectra of (e) CX, (f) CX/Fe, (g) CX/Co and (h) CX/CoFe. 
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Table 7.2. Metal content of the magnetic carbon xerogels: total content of Fe and Co, as determined 
by atomic absorption analysis of the solutions resulting from the acidic digestion of the solids; and 
weight surface concentration of C, O, Fe and Co, as determined from XPS analysis 

Material 
Total content (wt.%) Atomic surface concentration (wt.%) 

Fe Co C O Fe Co 

CX/Fe 6.5 - 79.00 17.97 3.03 - 

CX/Co - 0.9 84.95 12.91 - 2.14 

CX/CoFe 4.6 2.1 76.01 16.33 4.97 2.69 

 

the monometallic materials. In addition, it is also observed that the distribution of metal 

particles at the surface of the magnetic carbon xerogels is more evident in the materials 

with Co embedded in their structure (i.e., CX/Co and CX/CoFe). This observation is even 

more relevant if the total content of Fe and Co in the magnetic carbon xerogels is 

considered. Specifically, although CX/Fe and CX/CoFe possess ca. the same total metal 

content (6.5% vs. 4.6% + 2.1%, i.e., 6.7%; cf. Table 7.2), the amount and distribution of 

metal particles at the surface of CX/CoFe (cf. Figure 7.1d) is more perceptible than that 

observed with CX/Fe (cf. Figure 7.1b). 

In order to confirm the metal distribution at the surface of the magnetic carbon xerogels, 

these materials were also analysed by XPS. The corresponding XPS spectra and the atomic 

surface concentrations of C 1s, O 1s, Fe 2p and Co 2p are given in Figure C.5 and Table 7.2, 

respectively. As observed, the simultaneous incorporation of Fe and Co leads to an enhanced 

metal distribution at the surface of the bimetallic CX/CoFe (cf. Table 7.2), confirming the 

previous observations. In addition, if the surface weight concentrations given are compared 

to the total Fe and Co contents (cf. Table 7.2), it is suggested that some metal particles are 

surrounded by the organic phase during the synthesis of the monometallic CX/Fe and CX/Co 

catalysts, therefore being less accessible. In the opposite, when Co and Fe are 

simultaneously incorporated in the bimetallic CX/CoFe, the metals are preferentially 

located at the surface of the catalyst. The oxidation states of each component existing at 

the surface of the magnetic carbon xerogels were also determined by XPS analysis, as 

discussed in Section 7.3. 

 Further insights on the morphology and particle size distribution of the magnetic carbon 

xerogels are given in Figure 7.2, in which SEM images obtained with higher magnification 

(Figures 7.2a, c and e) are shown. During the synthesis procedure, the metal particles are 

expected to be anchored to the carbon structure, thus preventing their growth [3]. This 

mechanism is confirmed by the small size of the metal particles observed regardless of the 

magnetic carbon xerogel considered. Nevertheless, as detailed in Figures 7.2b, d and f, 

CX/Fe possesses the smallest primary carbon microspheres and metal particles, whereas 
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CX/Co is at the opposite position, with the biggest carbon microspheres and metal particles; 

once again, the bimetallic CX/CoFe possesses intermediate properties when compared to 

the monometallic materials. 

The carbon xerogel materials were also characterized by XRD, the corresponding results 

being given in Figure 7.3. The absence of an identifiable crystallographic phase in the 

diffraction pattern of CX confirms the prevalence of amorphous carbon in its composition. 

 

 

Figure 7.2. SEM micrographs, obtained in (main) SE and (inset) BSE mode, and histogram of particle 
size distribution of (a, b) CX/Fe, (c, d) CX/Co and (e, f) CX/CoFe. 
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On the other hand, the incorporation of iron and/or cobalt during the synthesis procedure 

promotes the formation of graphitic (i.e., more ordered) carbon, as observed in the 

diffraction patterns of the magnetic carbon xerogels. Magnetite (with a lattice parameter  

a = 8.380 Å) and metallic iron (a = 2.868 Å) were identified in the diffraction pattern of 

CX/Fe, in addition to graphite. The incorporation of Co during the synthesis of CX/Co leads 

to the formation of metallic cobalt (a = 3.544 Å), cobalt (II, III) oxide (a = 8.089 Å) and cobalt 

(II) oxide (a = 4.268 Å). The simultaneous incorporation of Co and Fe leads to the formation 

of cobalt ferrite (a = 8.388 Å) and metallic iron (a = 2.863 Å), in addition to graphite, as 

observed in the diffraction pattern of CX/CoFe.  

If the values of pHPZC obtained for the magnetic carbon xerogels (cf. Table 7.1) are 

compared with those recently reported in the literature for their main metal oxide 

constituents [4], it is observed that they follow the same order: CX/Fe (6.6) < CX/CoFe (7.7) 

< CX/Co (8.3), while Fe3O4 (6.5) < CoFe2O4 (7.5) < CoO (9.2) and Co3O4 (9.4). Therefore, the 

pHPZC of the magnetic carbon xerogels can be partially explained by the different 

contributions of the main metal oxides detected by XRD. 

7.2. CWPO experiments 

The performance of the carbon xerogel materials in the CWPO of highly concentrated  

4-NP aqueous model solutions (5 g L-1) was evaluated in experiments performed under the 

operating conditions previously considered in Chapter 6 (please refer to Table 7.5 for 

additional details). The 4-NP removals obtained in pure adsorption and CWPO runs performed 

during 24 h are given in Figure 7.4. These results confirm the superior performance of the 

iron-containing materials, in particular that of the bimetallic magnetic carbon xerogel with 

cobalt and iron microparticles embedded in its structure (CX/CoFe). Further insights on this 

superior performance are provided in Figure 7.5, which shows the corresponding 4-NP  

  

   
Figure 7.3. XRD diffraction patterns of the carbon xerogel materials. 
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removal curves as a function of time. Specifically, 98.5% of the initial 4-NP content is 

removed after 30 min in the presence of CX/CoFe, representing an average pollutant mass 

removal rate of 3940 mg g-1 h-1 —which is higher than the values reported in the literature 

at that time for carbon-based and magnetite-based catalysts [5, 6]. 

Given its potential catalytic activity (cf. Eqs. 2.1, 2.3 and 2.4), the iron leached to the 

treated water during the CWPO runs performed with CX/Fe and CX/CoFe (the magnetic 

carbon xerogels containing iron species) was determined. It was observed that the iron 

leached from CX/Fe amounts to 8.69 mg L-1. On the opposite, CX/CoFe reveals a much better 

resistance to leaching, with an amount of iron leached of 0.67 mg L-1 at the end of the CWPO 

treatment, a value well below the limit of 2 mg L-1 allowed in Portugal for the discharge of 

treated waters into natural water bodies [7].  

The results reported up to this point reveal a clear synergistic effect arising from the 

combination of Fe and Co in CX/CoFe, when its performance in CWPO is compared to that 

of the monometallic catalysts (CX/Fe and CX/Co). This effect may be partially explained by 

the enhanced accessibility to the highly active Fe species existing at the surface of CX/CoFe, 

promoted by the simultaneous incorporation of Co, as discussed in Section 7.1. However, 

the additional fact the iron leached is much lower for the catalyst CX/CoFe (0.67 mg L-1), 

about 13-fold lower when compared to that obtained with CX/Fe (8.69 mg L-1), under the 

same experimental conditions, cannot be explained only in terms of the bimetallic 

interaction during the synthesis. Bearing this in mind, additional experiments were 

conducted seeking to clarify the nature of the mechanisms and interactions between the 

different metallic phases, which can be held responsible for the superior performance of 

CX/CoFe, when compared to the monometallic catalysts. 

 The role of heterogeneous catalysis promoted by CX/CoFe was thus the object of a  

 

 
Figure 7.4. 4-NP removal in adsorption and CWPO runs (bars/left axis) after 24 h, and respective 
difference due to H2O2 addition [dRemoval (squares/right axis)]. Experiments performed with  
[4-NP]0 = 5.0 g L-1, [catalyst/adsorbent] = 2.5 g L-1, [H2O2]0 = 17.8 g L-1 (stoichiometric amount),  
T = 50 oC and pH = 3. 
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detailed study (Figure 7.6). The influence of adsorption in the global performance of 

CX/CoFe was evaluated in a pure adsorption run. As observed in Figure 7.6a, the removal of 

4-NP by CWPO in the presence of CX/CoFe is markedly higher than the removal obtained by 

pure adsorption. Moreover, the removal of 4-NP in the absence of a catalyst (non-catalytic) 

is null after 2 h of reaction (please refer to Figure C.4a for additional details on the non-

catalytic experiment). In order to understand if the iron leached to the solution could be 

responsible for the 4-NP removals observed, the effect of homogeneous catalysis promoted 

by the amount of iron leached during CWPO was simulated using a Fe2+ solution as catalyst. 

This solution contained the same concentration of iron as the iron leached in the CWPO 

experiment performed with CX/CoFe (i.e., 0.67 mg L-1). This contribution represents 4-NP 

and TOC removals of only 9.4% and 2.3%, respectively (cf. Figure 7.6b). Likewise, the 

possible effect of cobalt leaching was also considered negligible (as discussed in detail in 

Section 7.3). Taking into consideration these results, it can be clearly established that the 

contributions of pure adsorption, non-catalytic and homogeneous catalytic removals are 

negligible when compared to the global 4-NP removal obtained by CWPO, confirming that 

CX/CoFe is very active as a heterogeneous catalyst for the CWPO of highly concentrated  

4-NP solutions under mild operating conditions. In addition, the magnetic susceptibility of 

CX/CoFe (inset of Figure 7.6a) opens prospects for the development of in-situ magnetic 

separation systems. 

Regarding the mineralization of 4-NP, ca. 57% of TOC removal is achieved upon 

application of the bimetallic CX/CoFe catalyst during 2 h —a value that increases up to ca. 

67% when the CWPO experiment is allowed to proceed during 24 h. The efficiency of H2O2 

consumption was also assessed. Values of ɳH2O2 (obtained as described in Eq. 4.9) in the range 

86 – 95% were obtained, the higher efficiency being achieved after 2 h of reaction. 

Therefore, it is possible to conclude that, in addition to the high performance of the catalyst, 

 

 
Figure 7.5. 4-NP removal obtained as a function of time in CWPO runs performed with the carbon 
xerogel materials. Experiments performed under the operating conditions given in Figure 7.4. 
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the H2O2 employed in the CWPO of highly concentrated 4-NP solutions with CX/CoFe is 

consumed with high efficiency. 

7.2.1. Oxidation mechanism 

In order to confirm the oxidation/mineralization mechanism proposed in Section 6.2.3, 

the evolution of possible aromatic by-products was assessed in the experiments performed 

with the two magnetic samples exhibiting the highest activity (cf. Figures 7.7a and b). 

Regardless of the catalyst employed, the mineralization of 4-NP by CWPO proceeds as 

expected, mainly via formation of 4-nitrocatechol; even if hydroquinone, 1,4-benzoquinone 

and catechol are also detected. However, the aromatic by-products of 4-NP CWPO are 

accumulated in solution when CX/Fe is applied (cf. Figure 7.7a); while, in the opposite, the 

aromatic by-products of 4-NP CWPO are readily mineralized in the presence of the bimetallic 

CX/CoFe catalyst (cf. Figure 7.7b). Therefore, it is possible to conclude that the superior 

performance previously evidenced by CX/CoFe regarding 4-NP removal is also reflected on 

the subsequent steps of 4-NP mineralization.  

The evolution of possible non-aromatic by-products was assessed in the experiment 

performed with CX/CoFe, in order to confirm the formation of ring-opening products as the 

aromatic by-products are further attacked by HO•. As observed in Figure 7.7c, several low 

molecular weight carboxylic acids were detected. Nitrate produced from the –NO2 group of 

the 4-NP aromatic ring was also detected, confirming the –NO2 group abstraction from the 

main aromatic rings through CWPO in the presence of CX/CoFe.    

 

   
Figure 7.6. (a) 4-NP and H2O2 normalized concentrations as a function of time in the CWPO run 
performed with CX/CoFe (Inset: magnetic sensitivity of the bimetallic CX/CoFe catalyst); 4-NP 
removal by adsorption is also shown for comparison. (b) 4-NP and H2O2 conversions as a function of 
time in the homogeneous CWPO run performed with Fe2+ (0.67 mg L-1, corresponding to the amount 
of iron leached during the CWPO of 4-NP in the presence of CX/CoFe). Experiments performed under 
the operating conditions given in Figure 7.4. 
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7.2.2. Reusability cycles 

Two series of three CWPO runs were performed with consecutive reuse of CX/Fe and 

CX/CoFe, in order to evaluate the effect of the simultaneous incorporation of cobalt and 

iron on the stability of the catalysts. For that purpose, the catalyst was filtered after each 

run, washed and dried overnight at 60 oC, and then reused in CWPO with a fresh 4-NP 

solution. As observed in Figure 7.8, both magnetic carbon xerogels undergo partial 

deactivation upon successive reuse in CWPO cycles. This phenomenon results from the water 

treatment process intensification approach used in this work. The CWPO experiments were 

performed with high pollutant load (5 g L-1) and low catalyst dosage (2.5 g L-1), allowing to 

promote very harsh conditions in the catalytic system, especially as several by-products of 

4-NP oxidation are formed. After the initial adjustment, the experiments were allowed to 

proceed without further conditioning of pH. Therefore, the pH of the treated water dropped   

 

 

 
Figure 7.7. Evolution of aromatic by-products of 4-NP oxidation, when using (a) CX/Fe and (b) 
CX/CoFe (Inset: x-axis with maximum of 120 min = 2 h); and (c) evolution of non-aromatic by-products 
of 4-NP oxidation when using CX/CoFe in the CWPO process developed under the operating conditions 
given in Figure 7.4. 
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from 3.0 to 2.5 and 2.0, in the CWPO experiments performed with CX/Fe and CX/CoFe, 

respectively. In spite of the substantially higher decrease of the solution pH, the CX/CoFe 

catalyst reveals a much better resistance against the leaching of iron species to the treated 

water throughout the three reusability cycles considered (cf. Figure 7.8). Nevertheless, the 

performance of CX/CoFe also decreases in the series of three CWPO experiments. Aiming to 

explain the interactions between cobalt and iron species responsible for the superior 

performance of CX/CoFe, but also for the partial catalyst deactivation observed, a detailed 

reaction mechanism is proposed in the following Section.   

 

 

Figure 7.8. 4-NP and TOC conversions obtained after 24 h in a series of three CWPO runs performed 
with consecutive reuse of (a) CX/Fe and (b) CX/CoFe (bars/left axis), and respective iron and cobalt 
leaching (symbols/right axis). Experiments performed under the operating conditions given in Figure 
7.4. 
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Table 7.3. Standard reduction potentials at 25 oC (E0) for some half-reactions of interest [8, 9] 

Half-reaction E0 (V)   

H2O2 ⇄ O2 + 2H+ + 2e– - 0.695  (7.1) 

Fe2+ + 2e– ⇄ Fe - 0.447  (7.2) 

Co2+ + 2e– ⇄ Co - 0.280  (7.3) 

Fe3+ + e– ⇄ Fe2+ 0.771  (7.4) 

H2O2 + H+ + e– ⇄ HO• + H2O 0.800  (7.5) 

Co3+ + e– ⇄ Co2+ 1.920  (7.6) 

 

7.3. Interactions between cobalt and iron species at the surface of 

the bimetallic CX/CoFe catalyst 

As detailed in Chapter 2, in CWPO, the H2O2 molecule is decomposed via HO• radicals 

formation with the participation of reduced active sites/species (i.e., electron donor 

sites/species) existing at the surface of a catalyst. In this sense, the electron donating 

capacity of Fe2+ is well recognized in CWPO. For the current experiments, the catalytic cycle 

is thought to be initiated through the redox reaction described by Eq. 2.2. In a more complex 

system, in which several metal species are present, the overall catalytic cycle is expected 

to be influenced by the redox potentials of each metal. With this in mind, the standard 

reduction potentials at 25 oC (E0) for half-reactions involving the metal species embedded in 

the magnetic carbon xerogels are compiled in Table 7.3. The standard reduction potential 

of H2O2 decomposition via HO• formation is also given. As observed, the redox properties of 

cobalt and iron species are determined by the oxidation state in which they are present. 

Therefore, the identification and quantification of the oxidation state of each component 

existing at the surface of the magnetic carbon xerogels was performed by XPS analysis. 

Accordingly, the results of Fe 2p3/2 and Co 2p3/2 spectral fitting are shown in Figure 7.9. 

Regarding iron, the fit suggests a mix of Fe2+ and Fe3+ species both in CX/Fe and CX/CoFe. 

In addition, the relative amount of each iron species is not particularly affected by the 

simultaneous inclusion of cobalt, as concluded from the inset of Figure 7.9a and c. For 

cobalt, the fit of the Co 2p3/2 region suggests a mix Co, Co2+ and Co3+ species, both in CX/CoFe 

and CX/Co. In this case, the relative amounts of each cobalt species are also not particularly 

affected by the simultaneous inclusion of iron, as concluded from the insets of Figure 7.9e 

and g. It should be noted that metallic Co was undetectable in the XRD pattern of CX/CoFe 

(cf. Figure 7.3). This phenomenon may be ascribed to the interference promoted by the 

presence of the graphitic and metallic Fe phases.  

Once the composition of iron and cobalt species in each magnetic carbon xerogel is 
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Figure 7.9. Detailed XPS spectra of Fe 2p region of (a, b) CX/Fe and (c, d) CX/CoFe; and detailed XPS 
spectra of Co 2p region of (e, f) CX/CoFe and (g) CX/Co. XPS spectra obtained (a, c, e, g) before and 
(b, d, f) after CWPO runs performed under the operating conditions given in Figure 7.4. Inset: 
oxidation state of iron and cobalt species obtained from Fe 2p3/2 and Co 2p3/2 spectral fitting, 
respectively. 
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Table 7.4. Reaction potentials at 25 oC (E) for some reactions of interest 

Reaction E (V) Comment  

H2O2 + Fe + H+ → Fe2+ + HO• + H2O + e– 1.247 Spontaneous (7.7) 

H2O2 + Fe2+ + H+ → Fe3+ + HO• + H2O 0.029 Spontaneous (7.8) 

H2O2 + Co2+ + H+ → Co3+ + HO• + H2O - 1.120 Non-spontaneous (7.9) 

H2O2 + Co + H+ → Co2+ + HO• + H2O + e– 1.080 Spontaneous (7.10) 

Fe3+ + Co2+ → Co3+ + Fe2+ - 1.149 Non-spontaneous (7.11) 

Fe3+ + Co → Co2+ + Fe2+ + e– 1.051 Spontaneous (7.12) 

 

known, the half-reactions given in Table 7.3 were combined as shown in Table 7.4, aiming 

to obtain a reaction mechanism able to justify the superior performance of the bimetallic 

CX/CoFe in CWPO, when compared to the performance of the monometallic CX/Fe and 

CX/Co. In order to predict the feasibility of the proposed redox reactions, the reaction 

potentials at 25 oC (E) are also given. As observed in Eq. 7.7, Fe is theoretically able to 

reduce H2O2 via HO• formation. However, although Fe was detected by XRD analysis (cf. 

Figure 7.3), it was undetected by XPS analysis both in CX/Fe and CX/CoFe (cf. Figure 7.9a 

and c). This observation suggests that Fe particles are preferably surrounded by the organic 

phase during the synthesis of the magnetic carbon xerogels, therefore being less accessible 

to H2O2. As expected, the reaction potential obtained for the reaction described in Eq. 7.8 

confirms the feasibility for the decomposition of H2O2 with the participation of reducing Fe2+ 

species. The HO• radicals formed at the surface of the catalyst are afterwards expected to 

readily react with 4-NP molecules adsorbed nearby the HO• radicals generation sites, 

resulting in the oxidation mechanism described in Section 7.2.1, and the high efficiency of 

TOC removal per unit of H2O2 decomposed previously shown. On the other hand, the 

potential obtained for the reaction described in Eq. 7.9 suggests that Co2+ species are not 

active species for CWPO. In order to confirm this hypothesis, an additional CWPO run was 

performed with homogeneous Co2+ under the operating conditions given in Figure 7.4. For 

that purpose, a relatively high amount of Co2+ was employed (126 mg L-1, corresponding to 

the total amount of Co2+ in the cobalt precursor included during the synthesis of CX/Co and 

CX/CoFe). The 4-NP and H2O2 conversions were null after 2 h of reaction (cf. Figure C.4b), 

confirming the theoretical prediction given in Table 7.4. The ability of metallic Co species 

to promote the formation of HO• from H2O2, as described by Eq. 7.10, was also considered. 

From a theoretical point of view, this reaction is spontaneous, with a high redox reaction 

potential. Nevertheless, when the results in Figure 7.5 are analysed together with the results 

in Figure 7.9, it is observed that the presence of metallic Co species cannot, by itself, explain 

the largely superior performance of CX/CoFe in the CWPO of 4-NP, when compared to CX/Fe 

and CX/Co. As discussed before, CX/CoFe possesses nearly the same amount of metallic Co 
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species as CX/Co; on the other hand, the phase composition of iron species in CX/CoFe is 

also about the same as in CX/Fe. However, the sum of the 4-NP removals obtained after  

30 min of CWPO in the presence CX/Fe and CX/Co (i.e., 11.5% and 8.5%, respectively, 

corresponding to a combined 4-NP removal of 20%) is far below the 4-NP removal obtained 

in the presence of CX/CoFe (98.5%). These results suggest that the reaction described in Eq. 

7.10 is not the main mechanism responsible for the superior performance of CX/CoFe in 

CWPO. 

Since the synergy arising from the simultaneous incorporation of cobalt and iron in the 

CX/CoFe catalyst cannot be fully ascribed to the direct interactions of iron and cobalt 

species with H2O2, particular attention was given to the interactions between Fe and Co 

species. When there are only iron species, the Fe2+ regeneration from Fe3+ proceeds mainly 

through the reaction described by Eq. 2.5. However, several cobalt species are also present 

at the surface of the catalyst in addition to Fe2+ and Fe3+ when CX/CoFe is applied in CWPO. 

To evaluate the ability of Co2+ and Co species to promote Fe2+ regeneration from Fe3+, the 

reactions described by Eqs. 7.11 and 7.12 were considered. As observed, Co2+ species are 

unable to regenerate Fe2+ by reduction of Fe3+ (cf. Eq. 7.11). On the other hand, the redox 

reaction of Co with Fe3+, leading to the regeneration of Fe2+ (cf. Eq. 7.12), reveals a high 

reaction potential, thus being considered spontaneous. In order to confirm this hypothesis, 

both CX/Fe and CX/CoFe were collected after CWPO and characterized by XPS (cf. 

 Figure 7.9). As observed in Figures 7.9a and b, the relative amount of iron species at the 

surface of CX/Fe is unaffected by CWPO although the overall iron surface content decreases. 

This result was expected, since when CX/Fe is applied in CWPO the catalytic cycle is mainly 

driven by Eq. 2.5. On the opposite, when in the presence of cobalt species, the relative 

amount of Fe2+ at the surface of CX/CoFe increases from 42.1 to 54.0% upon its application 

in CWPO (cf. Figure 7.9c and d), confirming the feasibility of the reaction described in Eq. 

7.12. Therefore, it is possible to conclude that the reduction of Fe3+ in the CWPO process is 

more efficient when metallic Co is combined with iron species, such as in the surface of the 

bimetallic CX/CoFe catalyst. This feature offers an alternative route to the reactions 

described by Eqs. 2.3 and 2.4, which enables a faster regeneration of Fe2+ in the catalytic 

cycle and thus allows to overcome one limiting step of the CWPO cycle with Fe species. 

Summarizing, it can be concluded that the synergy arising from the simultaneous 

incorporation of cobalt and iron in the magnetic carbon xerogel catalyst denoted as CX/CoFe 

can be ascribed to (i) the enhanced accessibility to the active iron species existing at the 

surface of CX/CoFe, (ii) the ability of metallic Co species to catalyse H2O2 decomposition via 

HO• formation, and to (iii) the more efficient reduction of Fe3+ to Fe2+ promoted by Co 

species existing at the surface of CX/CoFe. The catalytic surface mechanism summarized in 
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Figure 7.10 accounts for the superior performance of the bimetallic iron-cobalt magnetic 

carbon xerogel (CX/CoFe) in the CWPO of 4-NP, when compared to that of the monometallic 

CX/Fe. 

Regarding the stability of the catalysts, as discussed in Section 7.2.2., the bimetallic 

CX/CoFe material reveals a better resistance against leaching of iron species to the treated 

water when compared to monometallic CX/Fe. This increased stability of iron species can 

be ascribed to the presence of Co2+ in the structure of CoFe2O4 (i.e., the main iron oxide 

detected by XRD analysis; cf. Figure 7.3), rather than Fe2+ in Fe3O4 (i.e., in the case of 

CX/Fe). Briefly, magnetite possesses the chemical formula Fe2+Fe2
3+O4; when Co2+ replaces 

Fe2+, cobalt ferrite with the general formula CoxFe3-xO4 is obtained [10]. Under this context, 

Sileo et al. showed that the iron dissolution rate decreases with increasing Co2+ content in 

cobalt ferrites, through a complex process approximately described by a second-order 

kinetic model [10]. This observation was thoroughly explained in terms of electronic effects 

within the solid framework, the most significant being the fast electron hopping between 

octahedral adjacent Fe2+/Fe3+ pairs occurring preferentially in magnetite. In this case, inner 

vicinal lattice Fe2+ accelerates the rate of Fe3+ reductive dissolution via internal electron 

hopping, whereas the amount of adjacent Fe2+/Fe3+ pairs is significantly lower in cobalt 

ferrite, thus yielding lower iron leaching rates. As depicted in Figure 7.10b, metallic Co is 

oxidized to Co2+ both during the regeneration of Fe2+ active sites and the formation of HO• 

radicals from H2O2. The leaching of cobalt species to the treated water during the first CWPO 

cycle performed with CX/CoFe amounts to 41.36 mg L-1 (cf. Figure 7.8b) —representing ca. 

 

  
Figure 7.10. Mechanism proposed for the surface catalytic reactions occurring on (a) CX/Fe and (b) 
CX/CoFe. Bulk reactions between HO• radicals and 4-NP are also represented. 
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Table 7.5. Experimental details of the CWPO experiments reported in Chapter 7 

Aqueous model system 
Reactor/solution 

volume 
Operating conditions 

H2O2 stoichiometric 
ratioa 

[Pollutant]/ 
[catalyst] 

4-nitrophenol 
(5.0 g L-1) 

100 mL/ 50 mL [Catalyst] = 2.5 g L-1 
[H2O2]0 = 17.8 g L-1 
T = 50 oC; pH0 = 3 

t = 24 h  

1 2 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete 
mineralization of the pollutant considered. 
 

79 wt.% of the total content of cobalt initially embedded in the CX/CoFe catalyst. On the 

other hand, the cobalt leaching in the second and third CWPO cycles is rather low (0.93 and 

0.23 mg L-1, respectively). These observations are in agreement with the mechanism 

proposed in Figure 7.10. However, it is suggested that the leaching of cobalt species is the 

main cause of the partial catalyst deactivation observed in CWPO cycles performed with 

consecutive reuse of CX/CoFe. In order to infer about the propensity of cobalt species to 

undergo leaching from the surface of CX/CoFe to the treated waters, the catalyst was 

collected after CWPO and analysed by XPS (cf. Figure 7.9f). In comparison with the fresh 

sample (Figure 7.9e), it was observed that the overall cobalt surface content decreases after 

CWPO. In addition, the relative amount of Co3+ species decreases significantly, maybe 

because they are preferably leached to water during CWPO; on the other hand, the relative 

amount of metallic Co increases substantially from 24.6 to 51.9%, suggesting a higher 

resistance to leaching.    

7.4. Conclusions 

The bimetallic magnetic carbon xerogel containing cobalt and iron species embedded in 

its structure (CX/CoFe) revealed a much higher catalytic performance in the CWPO of highly 

concentrated 4-NP solutions than that expected from the performances of the monometallic 

catalysts containing only iron (CX/Fe) or cobalt (CX/Co). A clear synergy arises from the 

simultaneous incorporation of cobalt and iron into the carbon xerogel matrix. This effect 

was ascribed to (i) the enhanced accessibility to the active iron species existing at the 

surface of CX/CoFe promoted by the simultaneous incorporation of cobalt, (ii) the ability of 

metallic Co species to catalyse the decomposition of H2O2 via HO• formation, and to (iii) the 

more efficient reduction of Fe3+ to Fe2+ promoted by metallic Co species existing at the 

surface of CX/CoFe.  
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7.5. Experimental details 

The CWPO experiments reported in Chapter 7 were performed under the conditions 

detailed in Table 7.5. Please refer to Chapter 4 for additional details on the experimental 

procedures. 
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PART IV: CARBON ENCAPSULATED MAGNETIC COMPOSITES 

Hybrid magnetic carbon nanocomposites in which the magnetic phase is protected against 

the external environment by a carbonaceous shell were also considered in these Ph.D. 

studies. Unlike the magnetic carbon xerogels studied in Part III, in which the magnetic 

material is embedded to the carbon structure, without being protected against the 

environment by a carbonaceous shell, the materials studied in Part IV are core-shell 

structures with a carbonaceous shell and a core made of magnetic materials. For that 

purpose, a hybrid magnetic graphitic nanocomposite catalyst —composed by a magnetite 

core and a graphitic shell, was prepared by a hierarchical co-assembly approach, followed 

by thermal annealing. The results obtained revealed a clear synergy arising from the 

encapsulation of magnetic nanoparticles within a graphitic structure. 
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8.  HYBRID MAGNETIC GRAPHITIC NANOCOMPOSITES 
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Magnetite (Fe3O4) was prepared by the co-precipitation method described in Section 

4.1.4, and encapsulated within a graphitic structure by a hierarchical co-assembly approach, 

followed by thermal annealing (cf. Section 4.1.5). The resulting hybrid magnetic graphitic 

nanocomposite was denoted as Fe3O4/MGNC. In the following Sections the properties of Fe3O4 

and Fe3O4/MGNC are fully characterized and the respective performance in CWPO is 

evaluated using 4-NP aqueous model solutions in a very wide concentration range  

(0.2 – 5 g L-1). In order to further optimize the efficiency of catalyst usage, the catalyst 

dosage was kept very low when compared to the pollutant concentration. Specifically, all 

the experiments were performed considering the mass ratio [4-NP]0/[Fe3O4] = 36.6, 

corresponding to a mass ratio [4-NP]0/[Fe3O4/MGNC] = 10 (27.3 wt.% of Fe3O4 in Fe3O4/MGNC, 

as determined by TGA). As a result of this approach, the operating temperature was 

increased from 50 to 80 oC, which is in line with the current trend for the application of 

higher temperatures (up to 125 oC) in CWPO [1, 2] and Fenton [3] processes. In addition, the 

individual effect of operating pH was evaluated. 

8.1. Textural and surface chemistry characterization 

Fe3O4 and Fe3O4/MGNC were characterized by XRD and TEM. The corresponding results 

are given in Figures 8.1 and 8.2, respectively. As observed in Figure 8.1, Fe3O4 exhibits the 

typical diffraction pattern of magnetite, with a lattice parameter a = 8.357 Å and a 

crystallite size of 16.6 ± 0.2 nm, which is near the average particle size of 12.5 ± 3.6 nm 

determined from TEM (cf. Figure 8.2e). Graphite, maghemite (a = 8.379 Å), iron  

(a = 2.868 Å) and traces of hematite (proto) were identified in the diffraction pattern of  

  

  
Figure 8.1. XRD diffraction patterns of Fe3O4 and Fe3O4/MGNC. Standard reference pattern of 
magnetite (crystallography open database code: 9005840) is also given for comparison. 
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Fe3O4/MGNC (cf. Figure 8.1), in addition to magnetite (a = 8.343 Å). This result suggests that 

Fe3O4 nanoparticles were successfully encapsulated within a graphitic structure during the 

synthesis of Fe3O4/MGNC, although with some changes in the magnetite phase. This fact is  

 

 

Figure 8.2. TEM micrographs of (a) Fe3O4 and (b-d) Fe3O4/MGNC: (b and d) and (c) were obtained in 
bright field and dark field image modes, respectively. Histogram of particle size distribution: (e) Fe3O4 
and (f) magnetic core of Fe3O4/MGNC, as determined by TEM measurements. 
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Table 8.1. Properties of Fe3O4/MGNC: specific surface area (SBET), non-microporous specific surface 
area (Smeso), micropore volume (Vmicro), total pore volume (Vtotal), average pore diameter (dpore) and 
pH at the point of zero charge (pHPZC)  

Material 

Parameter 

SBET
a
 

(m2 g-1) 

Smeso
a
 

(m2 g-1) 
Vmicro

a
 

(cm3 g-1) 
Vtotal

a
 

(cm3 g-1) 
dpore

a
 

(nm) 
pHPZC 

Fe3O4/MGNC 330 170 0.07 0.31 3.75 7.1 
a An ilustrative example of the N2 adsorption-desorption isotherms at -196 oC used for the determination of the 
textural properties of the materials included in this Ph.D. thesis is shown in Figure C.6b. 

 

also supported by the TEM micrographs depicted in Figures 8.2b-d, in which the core-shell 

structure of Fe3O4/MGNC is unequivocally observed. In particular, the TEM micrograph 

obtained in dark field mode (cf. Figure 8.2c) confirms the existence of crystalline cores 

inside the carbon shells. The average size of the magnetic core of Fe3O4/MGNC, 109 ± 35 nm,  

as determined from TEM measurements (cf. Figure 8.2f), suggests that the cores are mainly 

composed by agglomerates of magnetic nanoparticles (with crystallite sizes in the range  

23 – 165 nm, depending on the phase, as determined by XRD analysis). These observations 

are in accordance with the hierarchical co-assembly mechanism of the Fe3O4/MGNC 

synthesis, as detailed elsewhere [4]. During this procedure, Fe3O4 nanocrystals grow and 

spontaneously co-assemble by partially replacing F127/resol micelles; at the same time, 

carbon-carbon bonds are formed with the polymerization of resols and, upon thermal 

annealing, the copolymer F127 is eliminated, graphitic carbon frameworks being obtained 

with the participation of Fe3O4 as graphitization catalyst [4]. The main steps of the 

Fe3O4/MGNC synthesis are depicted in Figure 8.3. 

The texture and surface chemistry of Fe3O4/MGNC were further characterized by TGA 

analysis, N2 adsorption-desorption isotherms and pHPZC. The TGA analysis of Fe3O4/MGNC  

(cf. Figure C.6a) reveals 27.3 wt.% of ashes, corresponding to the mass fraction of Fe3O4 

encapsulated in Fe3O4/MGNC. It was also found that Fe3O4/MGNC is stable up to 400 ºC under  

 

 
Figure 8.3. Synthesis of magnetic graphitic nanocomposites by hierarchical co-assembly of magnetite 
nanoparticles and carbon precursors, followed by thermal treatment. 
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oxidizing atmosphere. As observed in Table 8.1, Fe3O4/MGNC has a well-developed specific 

surface area, with a SBET of 330 m2 g-1, and a micro-mesoporous character, which is 

particularly reflected by the ratio Vmic/Vtotal = 0.23, as well as by the average pore diameter 

of 3.75 nm. Regarding the surface chemistry, the pHPZC of 7.1 (cf. Table 8.1) reveals that 

most of the acidic and basic functionalities were removed during the thermal annealing. 

8.2. CWPO experiments 

The performance of Fe3O4/MGNC in the CWPO of 4-NP aqueous model solutions was 

initially evaluated against that of bare Fe3O4, in experiments performed with  

[4-NP]0 = 200 mg L-1 and a fixed mass ratio [4-NP]0/[Fe3O4] = 36.6, corresponding to a mass 

ratio [4-NP]0/[Fe3O4/MGNC] = 10 (27.3 wt.% of Fe3O4 in Fe3O4/MGNC, as determined by TGA). 

The 4-NP removals obtained after 1 h in pure adsorption and CWPO runs performed with 

Fe3O4 and Fe3O4/MGNC are given in Figure 8.4a. These results reveal the superior 

performance of Fe3O4/MGNC. Further insights are provided in Figure 8.4b, which shows the 

corresponding 4-NP removal curves as a function of time. The 4-NP removal obtained after 

2 h in the non-catalytic experiment is not significant (representing a TOC removal of 0.6% 

only), while a fast removal of 4-NP is achieved in the presence of Fe3O4 (please refer to 

Figure C.7a for additional details on the non-catalytic experiment). In addition, the catalytic 

activity is enhanced when the Fe3O4 magnetic material is encapsulated within a carbon shell 

in the Fe3O4/MGNC catalyst. This behaviour may be explained by the presence of the carbon 

phase, which increases the adsorptive interactions between the surface of the catalyst and 

the pollutant molecules, attracting higher amounts of pollutant molecules to the vicinity of 

the active sites where highly oxidizing HO• radicals are generated, thus inhibiting 

  

   
Figure 8.4. (a) 4-NP removal in adsorption and CWPO runs (bars/left axis) after 1 h, and respective 
difference due to H2O2 addition [dRemoval (squares/right axis)]. (b) Removal of 4-NP obtained as a 
function of time in CWPO runs performed with Fe3O4 and Fe3O4/MGNC. Experiments performed with 
[4-NP]0 = 0.2 g L-1, [Fe3O4/MGNC] = 0.02 g L-1, [Fe3O4] = 0.0055 g L-1 (corresponding to 27.3 wt.% of 
Fe3O4/MGNC), [H2O2]0 = 0.712 g L-1 (stoichiometric amount), T = 80 oC and pH = 3.  
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non-efficient parasitic reactions involving H2O2 and HO•, as discussed in Chapter 6. 

Specifically, it was found that the adsorption of 4-NP obtained with Fe3O4/MGNC amounts to 

100.8 mg g-1 after 2 h, while there is no adsorption on Fe3O4 under the same conditions (data 

not shown). In addition, the electron transfer features of carbon-based materials, as well as 

their potential intrinsic catalytic activity in CWPO, may also contribute to enhance the 

catalytic decomposition of H2O2 and the subsequent oxidation of 4-NP molecules. 

Nevertheless, by comparing the leaching of Fe species at the end of the CWPO experiments 

performed with Fe3O4 (0.98 mg L-1) and Fe3O4/MGNC (0.27 mg L-1), the main synergistic effect 

arising from the inclusion of Fe3O4 nanoparticles into a carbon structure during the synthesis 

of Fe3O4/MGNC is unequivocally highlighted (as inferred from the ca. 4-fold decrease of iron 

leaching observed). These observations allow to conclude that the lower leaching of Fe 

species obtained with Fe3O4/MGNC is due to the confinement effect caused by the carbon 

shell, as depicted in Figure 8.5. 

Complementary data for the CWPO of 4-NP with Fe3O4/MGNC are shown in Figure 8.6a. 

Regarding the mineralization of 4-NP, ca. 29% of TOC removal is achieved upon application 

of the Fe3O4/MGNC catalyst —a value that increases up to ca. 60% when the CWPO 

experiment is allowed to proceed during 8 h. At the same time, the consumption of H2O2 

amounts to ca. 45% after 2 h and to ca. 60% after 8 h of reaction, which represents ɳH2O2 in 

the range 64 – 100%. In addition, the removal of 4-NP obtained in the pure adsorption run 

suggests the wide prevalence of the catalytic activity in the 4-NP removal by CWPO. The 

predominant role of heterogeneous CWPO promoted by Fe3O4/MGNC is also well evidenced 

in Figure 8.6a, through the leaching test performed as described in Section 4.3. Specifically, 

when the Fe3O4/MGNC catalyst is removed after 30 min of reaction (ca. 37.5% 4-NP removal), 

negligible 4-NP and TOC removals were then observed. All these observations, together with 

the magnetic properties of Fe3O4/MGNC (cf. inset of Figure 8.6b) and the very high average 

pollutant mass removal rate obtained (5000 mg g-1 h-1) —which was unprecedented when  

  

   
Figure 8.5. Representation of the CWPO process in the presence of (a) Fe3O4 nanoparticles, and (b) 
Fe3O4/MGNC, in which the confinement effect promoted by the carbon shell is highlighted.   
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compared to the values reported in the literature at that time for carbon-based and 

magnetite-based catalysts [5, 6]—, opened a window of opportunity, not only for the 

application of Fe3O4/MGNC in CWPO, but also for the development of in-situ magnetic 

separation systems. Therefore, Fe3O4/MGNC was object of additional studies. 

The individual effect of the solution pH on the performance of Fe3O4/MGNC in CWPO was 

evaluated, as shown in Figure 8.6b. As observed, when CWPO is carried out without 

adjustment of the natural pH of the 4-NP solution (i.e., at pH = 6), Fe3O4/MGNC reveals some 

catalytic activity, with ca. 42% of the initial pollutant being removed. Although the complete 

abatement of 4-NP is not achieved under these conditions, the average pollutant mass 

removal rate obtained (2090 mg g-1 h-1) is still higher than the values reported in the 

literature at that time for carbon-based and magnetite-based catalysts [5, 6]. Nevertheless, 

Fe3O4/MGNC loses most of its catalytic activity when the initial pH is increased to 9, with 

only ca. 11% of the parent pollutant being removed. 

8.2.1. Process intensification 

Following the trend reported in this Ph.D. dissertation, i.e., towards the application of 

CWPO for the treatment of 4-NP aqueous model solutions with high pollutant loads, the 4-

NP concentration was increased 5-fold, to 1 g L-1. The same mass ratio  

[4-NP]0/[Fe3O4/MGNC] = 10 was employed (corresponding to [4-NP]0/[Fe3O4] = 36.6, as 

previously discussed). Likewise, the H2O2 dosage was kept at the stoichiometric amount 

needed to completely mineralise 4-NP. As observed in Figure 8.7a, complete 4-NP removal 

is obtained after 4 h in experiments performed under these conditions, corresponding to an 

  

   
Figure 8.6. (a) 4-NP and TOC removals as a function of time in the CWPO run performed with 
Fe3O4/MGNC, as well as 4-NP and TOC removals obtained during the “leaching test” performed (i.e., 
where the catalyst was removed from the solution after 30 min of reaction); 4-NP removal by 
adsorption is also shown for comparison. (b)  Effect of the initial pH on the 4-NP removal by CWPO, 
when using Fe3O4/MGNC (Inset: magnetic separation of the Fe3O4/MGNC catalyst in distilled water). 
Experiments performed under the operating conditions given in Figure 8.4. 
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average pollutant mass removal rate of 2500 mg g-1 h-1. Afterwards, the initial 4-NP 

concentration was again increased 5-fold, reaching the concentration previously considered 

in Chapters 6 and 7 (5 g L-1), while keeping the mass ratio [4-NP]0/[Fe3O4/MGNC] and feeding 

H2O2 at the stoichiometric amount needed for the complete 4-NP mineralisation. Complete 

4-NP removal is also achieved even under these operating conditions, as long as the CWPO 

reaction is allowed to proceed during 8 h (cf. Figure 8.7a). In this case, the average pollutant 

mass removal rate amounts to 1250 mg g-1 h-1, which is much higher than that reported at 

that time for carbon-based catalysts [5] and similar to the best results reported for 

magnetite-based catalysts operating with ca. 8-fold lower pollutant concentrations [6]. The 

4-NP removal obtained in the non-catalytic experiment performed during 8 h under these 

operating conditions is not significant, representing a 4-NP removal of 13% (please refer to 

Figure C.7b for additional details on the non-catalytic experiment). For comparison 

purposes, the 4-NP removal curve obtained with T = 50 oC is also shown in Figure 8.7a. Under 

these conditions, the average pollutant mass removal rate amounts to 267.5 mg g-1 h-1, which 

puts in evidence the relevance of operating the CWPO process with T = 80 oC.  

It is noteworthy that after the initial pH adjustment, the experiments were allowed to 

proceed freely, without further conditioning of pH. Therefore, the initial 4-NP concentration 

in the experiment is expected to affect the final pH of the treated water, particularly when 

the aromatic ring of the 4-NP molecule is opened and carboxylic acids are formed (cf. 

Figure C.8). Bearing this in mind, the pH of the treated water was measured at the end of 

the CWPO experiments. It was observed that the final pH dropped from 3 to 2.79, 2.45 and  

 

  
Figure 8.7. (a) 4-NP removal obtained as a function of time in CWPO runs performed with Fe3O4/MGNC 
under different operating conditions, and (b) corresponding TOC vs H2O2 conversions obtained after 
2, 4 and 8 h, when considering [4-NP]0 = 0.2 g L-1, 1 g L-1 and 5 g L-1, respectively. Experiments 
performed with a fixed mass ratio [4-NP]0/[Fe3O4/MGNC] = 10, T = 80 oC, pH = 3 and stoichiometric 
amounts of H2O2. 4-NP (5 g L-1) removal curve obtained by CWPO with T = 50 oC is also shown in (a) 
for comparison.   
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1.79, when the initial 4-NP concentration was 0.2 g L-1, 1 g L-1 and 5 g L-1, respectively. 

Nevertheless, even with the most pronounced decrease of the solution pH, i.e., in the 

experiment performed with 5 g L-1 4-NP, the iron leached to the treated water was  

1.8 mg L-1 —a value still below the limit to discharge the treated water into natural receiving 

water bodies (2 mg L-1).   

In order to evaluate the efficiency of H2O2 consumption when Fe3O4/MGNC is applied in 

the CWPO of 4-NP aqueous model solutions in the concentration range studied, TOC and H2O2 

evolution were also monitored. Accordingly, the TOC conversion (XTOC) was plotted against 

the H2O2 conversion (XH2O2) obtained in each experiment (cf. Figure 8.7b). The high ɳH2O2 

previously observed for [4-NP]0 = 0.2 g L-1 is improved when higher pollutant concentrations 

are considered. Specifically, the values of XTOC are similar to those of XH2O2, suggesting ɳH2O2 

of ca. 100%. Therefore, it is possible to conclude that, in addition to the highly efficient 

usage of the catalyst, the H2O2 employed in the CWPO process with Fe3O4/MGNC is also 

consumed with rather high efficiency across the wide 4-NP concentration range studied. 

8.2.2. Reusability cycles 

The stability of the Fe3O4/MGNC catalyst was tested in two series of consecutive CWPO 

runs, performed with 0.2 g L-1 and 5 g L-1 4-NP solutions. For that purpose, after each run, 

the catalyst was filtered, washed and dried at 60 oC overnight, and then reused in CWPO 

with a fresh 4-NP solution. The 4-NP and TOC removals obtained in these two series of 

experiments are given in Figure 8.8. As observed, 4-NP removal slightly decreases from 100%, 

in the first run, to 96%, in the fourth run, in the experiments performed with 0.2 g L-1 4-NP  

  

 
Figure 8.8. 4-NP and TOC conversions obtained in a series of CWPO runs performed with consecutive 
reuse of the Fe3O4/MGNC (bars/left axis) under the operating conditions given in Figure 8.7 and 
detailed in Table 8.2, and respective iron leaching (squares/right axis). Data obtained after 2 and 8 
h of reaction, when considering [4-NP]0 = 0.2 g L-1 and 5 g L-1, respectively. Results obtained with 
Fe3O4/MGNC regenerated after the first CWPO run performed with [4-NP]0 = 5 g L-1 are also given.     
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solutions. As previously discussed in Chapter 5, the decrease of the Fe3O4/MGNC catalytic 

activity may be partially caused by 4-NP reaction by-products adsorbed or deposited on the 

carbon surface, limiting the accessibility to the active sites. Nevertheless, the average 

pollutant mass removal rate obtained in the fourth CWPO cycle is still very high  

(4808 mg g-1 h-1). Under these conditions, the TOC removal obtained after 2 h of reaction is 

not particularly affected by the successive reuse of the catalyst. Similar results, though with 

more pronounced effects, were observed in the reusability cycles performed with 5 g L-1 4-

NP solutions. In this case, the higher entropy of the system promotes harsher conditions, 

with higher concentration of by-products of 4-NP oxidation, which may result in the higher 

decrease of the catalytic performance of Fe3O4/MGNC upon successive reuse cycles. 

Nevertheless, the average pollutant mass removal rate obtained in the third CWPO cycle 

performed under these conditions (551 mg g-1 h-1) is still quite good when compared to other 

catalysts [5, 6].  

In order to demonstrate the influence of by-products deposition, a simple regeneration 

procedure of the Fe3O4/MGNC catalyst recovered from the first CWPO run was performed by 

H2O2 soaking, as detailed in Section 8.4. In this way, the oxidation of the by-products 

adsorbed at the surface of the Fe3O4/MGNC catalyst is promoted. As observed in Figure 8.8, 

the catalytic activity of Fe3O4/MGNC is partially restored through this simple regeneration 

approach. This observation confirms that the decrease of the catalyst performance in 

successive CWPO runs is in part explained by the adsorption or deposition of by-products of 

4-NP oxidation on the carbon surface of Fe3O4/MGNC. In addition, Fe3O4/MGNC can be 

considered fairly stable against the leaching of Fe species to the treated water throughout 

the wide 4-NP concentration range studied (cf. Figure 8.8). For instance, the iron leached 

during the CWPO cycles performed with 0.2 g L-1 4-NP solutions remains nearly constant 

(going from only 0.27 mg L-1, in the first cycle, to 0.33 mg L-1 in the fourth cycle). Even in 

the experiments performed with intensified conditions, considering 5 g L-1 4-NP solutions, 

the iron leached is always kept bellow the limits allowed by Portuguese and other EU 

Directives for treated water to be discharged into natural receiving water bodies (going from 

1.8 mg L-1 in the first cycle, to only 0.3 mg L-1 in the third cycle). 

8.3. Conclusions 

The inclusion of Fe3O4 nanoparticles in a graphitic structure during the synthesis of 

Fe3O4/MGNC (i) enhances the catalytic activity in the CWPO of 4-NP when compared to that 

of bare Fe3O4, due to increased adsorptive interactions between the surface of the catalyst 

and the pollutant molecules, while (ii) strongly limiting the leaching of Fe species from Fe3O4 

to the treated water, due to the confinement effect caused by the carbon shell. As a result 
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Table 8.2. Experimental details of the CWPO experiments reported in Chapter 8 

Aqueous model system 
Reactor/solution 

volume 
Operating conditions 

H2O2 stoichiometric 
ratioa 

[Pollutant]/ 
[catalyst] 

4-nitrophenol 
(0.2 g L-1) 

500 mL/ 250 mL Screening experiments 
[Fe3O4/MGNC] = 0.02 g L-1 

[Fe3O4] = 0.0055 g L-1 
[H2O2]0 = 0.712 g L-1 
T = 80 oC; pH0 = 3 

t = 2 h  

1 10b 

 

4-nitrophenol 

(1 g L-1) 

250 mL/ 100 mL Intermediate experiments 
[Fe3O4/MGNC] = 0.1 g L-1 

[H2O2]0 = 3.56 g L-1 
T = 80 oC; pH0 = 3 

t = 4 h 

1 10 

4-nitrophenol 
(5 g L-1) 

100 mL/ 50 mL Process intensification 
[Fe3O4/MGNC] = 0.5 g L-1 

[H2O2]0 = 17.8 g L-1 
T = 80 oC; pH0 = 3 

t = 8 h 

1 10 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete 
mineralization of the pollutant considered; b for Fe3O4/MGNC (a fixed 4-NP/Fe3O4 mass ratio of 36.6 was 
maintained regardless of the catalyst employed, considering that Fe3O4 corresponds to 27.3 wt.% of 
Fe3O4/MGNC). 

 

of these effects, unprecedented pollutant mass removals were obtained. In addition, the 

Fe3O4/MGNC catalyst revealed activity for CWPO when operating at pH = 6. 

8.4. Experimental details 

Unless stated otherwise, the CWPO experiments reported in Chapter 8 were performed 

under the conditions detailed in Table 8.2. Please refer to Chapter 4 for additional details 

on the experimental procedures. 

The regeneration of the Fe3O4/MGNC catalyst was performed using a simple H2O2 soaking 

technique, adapting the procedure described elsewhere [7]. For that purpose, the catalyst 

recovered from the first CWPO run performed with [4-NP]0 = 5 g L-1 was contacted with H2O2 

during 8 h under the same operation conditions used in the CWPO experiments, but in the 

absence of 4-NP (i.e., T = 80 oC, pH = 3, [Fe3O4/MGNC] = 0.5 g L-1 and [H2O2]0 = 17.8 g L-1). 

The Fe3O4/MGNC catalyst after regeneration was washed and dried at 60 oC overnight, and 

then reused in another CWPO run with a fresh 4-NP solution. 
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PART V: CASE STUDIES IMPLEMENTING MAGNETIC SEPARATION OF 

CATALYSTS 

Due to the easier manipulation and simplicity, 2-NP and 4-NP aqueous model systems 

were used in the previous Chapters. Through this approach it was possible to ascribe 

superior performances in CWPO to specific features of the catalysts, which has enabled a 

continuous improvement of catalyst design during these Ph.D. studies. At this stage, seeking 

for more realistic and diversified applications: 

- In Chapter 9, the ability of CWPO for the degradation of the antimicrobial agent 

sulfamethoxazole in environmentally relevant water matrices was evaluated using the 

magnetic carbon xerogels developed in Chapter 7; 

- In Chapter 10, the ability of CWPO for the treatment of the liquid effluent from a 

mechanical biological treatment plant for municipal solid waste was evaluated. For that 

purpose, a high-performance hybrid magnetic graphitic nanocomposite —composed by a 

cobalt ferrite core and a graphitic shell, was designed based on the findings previously 

reported in this Ph.D. dissertation. 

In addition, the magnetic susceptibility of the catalysts is explored for the development 

of in-situ magnetic separation systems for catalyst recovery.  
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9.  MAGNETIC CARBON XEROGELS FOR THE CATALYTIC WET 

PEROXIDE OXIDATION OF SULFAMETHOXAZOLE IN 

ENVIRONMENTALLY RELEVANT WATER MATRICES 
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Magnetic carbon xerogels for the catalytic wet peroxide oxidation of sulfamethoxazole in environmentally 
relevant water matrices, Appl. Catal. B 199 (2016) 170-186 
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The increasing scarcity of clean water sources is driving several communities towards the 

reuse of treated wastewater, mainly for non-potable applications such as surface and 

groundwater replenishment, or agricultural and landscape irrigation —a practice already 

stablished in some places as an important component of sustainable wastewater 

management practices [1]. Recent improvements in several analytical techniques allowed 

the identification and quantification of an increasing number of micropollutants present in 

treated waste waters —also known as contaminants of emerging concern [2]. Among these, 

the antibiotics present in treated waste waters and their subsequent release into the 

environment have been receiving particular attention from the scientific community, mainly 

due to major public health concerns about the development of antibiotic resistant bacteria 

and/or resistance genes (ARB&ARG) [3].  

Conventionally treated waste waters are often considered as one of the most important 

anthropogenic sources of antibiotics and ARB&ARG release into the environment [4-7]. 

Therefore, the development of efficient and economically viable advanced treatment 

technologies is presently of high priority in the policy agendas of the EU member states and 

many other countries around the world [1, 8, 9], as recently suggested by a National strategy 

in the US [10] and by the European COST Action ES1403 (New and emerging challenges and 

opportunities in wastewater reuse - NEREUS) [11]. These technologies should be able to 

reduce the propagation of microcontaminants typically present in treated waste waters 

(such as antibiotics), usually associated with the development of ARB&ARG in the urban 

water cycles, and to allow the reuse of treated waste waters as reliable alternative water 

sources. 

Bearing this in mind, the ability of CWPO for the elimination of a persistent micropollutant 

was evaluated using the magnetic carbon xerogels developed in Chapter 7. Sulfamethoxazole 

(SMX) —an antimicrobial agent associated to the development of ARB&ARG [6] and typically 

found throughout the urban water cycle (in raw and in conventionally treated waste waters 

[12], in raw and in conventionally treated drinking waters [13], or in surface and ground 

waters [2])—, was used as model of persistent micropollutant at the ppb level (500 μg L-1). 

In addition to ultrapure water and other synthetic waters, environmentally relevant water 

matrices were also considered, namely drinking water and a secondary treated wastewater 

collected from the wastewater treatment plant of the University of Patras, Greece. The 

main results are discussed in the following Sections. 

9.1. CWPO experiments 

The performance of the carbon xerogel materials developed in Chapter 7 in the CWPO of 

SMX solutions at the ppb level (500 μg L-1) was evaluated in experiments performed under 
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the operating conditions detailed in Table 9.1. The SMX removals obtained in pure adsorption 

and CWPO runs performed during 6 h are given in Figure 9.1. The superior performance 

previously revealed by the bimetallic CX/CoFe catalyst in the CWPO of highly concentrated  

4-NP aqueous model solutions (5 g L-1; cf. Chapter 7) is also observed when the carbon 

xerogel materials are employed in the CWPO of 500 μg L-1 SMX solutions (cf. Figure 9.1). It 

should be noted that the SMX removal obtained when using CX is similar, but in this case 

ascribed to adsorption of the pollutant (and not to catalytic degradation). The non-catalytic 

removal of SMX is rather low, corresponding to ca. 13% of its initial content (please refer to 

Figure C.9a for additional details on the non-catalytic experiment).  

Due to its superior performance, CX/CoFe was object of additional studies. In order to 

evaluate the participation of HO• radicals in the process, tert-butanol (tBuOH), a strong HO• 

radical scavenger [14, 15], was added before a CWPO experiment performed in the presence 

of CX/CoFe. When the SMX removal curves obtained in the presence and absence of tBuOH 

are compared (cf. Figure 9.2), it is observed that the removal of SMX is greatly suppressed 

by tBuOH. Although not directly supported by quantification of the HO• radicals formed 

during the process, this indirect result suggests the predominant role of HO• radicals in the 

CWPO of SMX. Therefore, the high catalytic performance of CX/CoFe in the CWPO of SMX is 

unequivocally highlighted.  

Since CX/CoFe possesses Fe and Co in its structure (cf. Section 7.1), the leaching of metal 

species to the treated water was studied. The iron leached to the treated water during the 

CWPO experiment performed with CX/CoFe was 0.1 mg L-1, i.e., 20-fold below the limit of 

2 mg L-1 allowed for discharging treated water into natural receiving water bodies (and even 

below the maximum limits allowed for water intended for human consumption, 0.2 mg L-1) 

[16]. Likewise, the leaching of Co was also rather low (0.2 mg L-1), although in this case 

  

 
Figure 9.1. SMX removal in adsorption and CWPO runs (bars/left axis) after 6 h, and respective 
difference due to H2O2 addition [dRemoval (squares/right axis)]. Experiments performed with  
[SMX]0 = 500 μg L-1, [catalyst/adsorbent] = 20 mg L-1, [H2O2]0 = 500 mg L-1, T = 25 oC and pH = 3. 
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there is a lack of standards for treated wastewater and even for drinking water [17]. 

In addition, it should be noted that the experiments depicted in Figure 9.2 were 

performed at room temperature and atmospheric pressure, putting in evidence the potential 

of this bimetallic hybrid magnetic carbon xerogel material with cobalt and iron embedded 

in its structure for economically viable CWPO applications. 

9.1.1. Individual effects of the operating parameters 

In order to investigate the operating conditions that maximize the performance of SMX 

removal by CWPO in the presence of CX/CoFe, the individual effect of several operating 

parameters was evaluated through the determination of apparent first order reaction rate 

constants (kapp). These include catalyst load, H2O2 dosage, SMX concentration, initial pH and 

temperature. The results obtained with the kinetic study are shown in Figure 9.3, while the 

corresponding SMX removal curves as a function of time are shown in Figures C.9a-e. As 

expected, the kinetics of the SMX removal increases with increasing catalyst dosage, and 

decreases with increasing operating pH. Regarding the H2O2 dosage, although the 

stoichiometric amount of H2O2 needed to completely mineralise SMX is ca. 1.3 mg L-1, it is 

observed that SMX removal goes through a maximum, corresponding to [H2O2]0 = 500 mg L-1. 

The higher requirement of H2O2 may be explained by the operating conditions considered 

(mainly due to the low catalyst dosage and room temperature). In the opposite, when the 

H2O2 dosage is increased 2-fold up to 1000 mg L-1, the SMX removal decreases. This 

observation suggests that under these conditions the formed HO• radicals may react 

preferably with H2O2 molecules, through a series of non-efficient parasitic reactions that are 

more significant when low pollutant concentrations are considered [18]. The SMX removal 

apparently decreases when the initial SMX concentration increases; however, the average 

pollutant mass removal rate actually increases from 4.0 μg mg-1 h-1 up to 10.2 μg mg-1 h-1,  

  

 
Figure 9.2. Effect of tert-butanol (tBuOH) on the SMX removal by CWPO when using CX/CoFe under 
the operating conditions given in Figure 9.1. 
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leading to a ca. 2.5-fold gain in the efficiency of catalyst usage when the concentration of 

SMX is increased from 500 to 2000 μg L-1. It is also observed that the performance of CWPO 

for the elimination of SMX is substantially enhanced when the temperature is slightly 

increased from room temperature (25 oC) up to mild temperatures (40-60 oC). This effect is 

particularly observed at T = 60 oC, with SMX being almost completely removed in 30 min (cf. 

Figure C.9e).   

It should be noted that the majority of the experimental data are well described by the 

kinetic model considered. However, this is a pseudo first order kinetic model relative to the 

SMX concentration. Therefore, the effect of other contributions (mainly H2O2 dosage and 

catalyst concentration) is not accounted in the model. In addition, it is well known that the 

rate of advanced oxidation of organic contaminants depends on the substrate concentration. 

Usually the reaction obeys to a first order rate expression with respect to the substrate 

concentration at low concentrations, but it shifts towards zero order at higher 

concentrations [19]. This behaviour can be explained taking into account the rate-limiting 

step, where the reactive, oxidizing species (mainly HO• radicals) become the limiting factor 

for the reaction. This might explains why kapp changes with the initial SMX concentration, 

while maintaining constant the initial values of the other operating parameters. In order to 

better understand the effect of temperature on the reaction rates, the Arrhenius plot (cf. 

Figure C.9f) was used to determine the apparent activation energy (Ea), a value of  

Ea = 69.8 kJ mol-1 being obtained.  

9.1.2. Environmentally relevant water matrices 

Ultrapure water may be considered an attractive matrix to conduct studies for the initial  

 

 
Figure 9.3. Apparent first order reaction rate constants (kapp) obtained after 6 h in experiments 
performed with CX/CoFe under different operating conditions. The numbers in brackets represent 
the regression coefficients of the linear fittings (r2). 
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design and evaluation of advanced treatment technologies, mainly due to its ease of 

manipulation, simplicity and reproducibility of the experimental results. However, 

antimicrobial agents like SMX are typically released into the environment in much more 

complex water matrices, like conventionally treated wastewater [12]. Furthermore, SMX has 

also been found in drinking water [13], raising serious public health concerns. These 

environmentally relevant water matrices, in particular the treated wastewater, contain 

multiple natural and anthropogenic compounds [3], increasing their complexity and 

hindering the performance of treatment technologies.  

Bearing this in mind, the influence of the water matrix on the performance of SMX 

removal by CWPO was assessed, using secondary treated wastewater and drinking water (cf. 

Section 9.3.1) spiked with SMX (500 μg L-1). As observed in Figure 9.4a, the SMX removal 

decreases with the increasing complexity of the water matrix. Specifically, the values of kapp 

obtained after 6 h are 0.0079 min-1 (r2 = 0.992), 0.0050 min-1 (r2 = 0.98) and 0.0022 min-1  

(r2 = 0.87), when ultrapure water, drinking water and secondary treated wastewater are 

used, respectively. It is noteworthy that the lower value of r2 obtained with secondary 

treated wastewater reflects the higher complexity of this water matrix, making the 

experimental results harder to predict. Nevertheless, the decrease of SMX removal may be 

ascribed to the presence of (i) dissolved organic matter and/or (ii) radical scavengers in the 

more complex water matrices, especially in the secondary treated wastewater. Since HO• 

radicals are non-selective oxidants [20], the presence of organic matter is expected to limit 

the SMX removal; while, at the same time, ion species (e.g., bicarbonates, chlorides and 

sulphates) may act as HO• scavengers, as previously shown for photocatalytic applications 

[21].  

In order to better understand how the CWPO process is influenced by each of these  

  

  
Figure 9.4. Effect of (a) environmentally relevant and (b) synthetic water matrices on the SMX 
removal by CWPO when using CX/CoFe under the operating conditions given in Figure 9.1. 
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components, additional experiments were performed using humic acid (HA) to mimic the 

presence of dissolved organic matter, and sodium bicarbonate (500 mg L-1 bicarbonates), 

sodium chloride (200 mg L-1 chlorides) and sodium sulphate (60 mg L-1 sulphates) to mimic 

the presence of the typical inorganic constituents of conventionally treated wastewater and 

drinking water. As observed in Figure 9.4b, the SMX removal obtained in the experiment 

performed with a 10 mg L-1 HA solution remains nearly the same when compared to that 

obtained with ultrapure water. However, when bicarbonates (500 mg L-1) are added to the 

10 mg L-1 HA solution, the SMX removal is affected; in this case, the value of k obtained after 

6 h is 0.0065 min-1 (r2 = 0.992), which represents a ca. 16.7% decrease when compared to 

that obtained with ultrapure water. Therefore, it is possible to conclude that the removal 

of SMX by CWPO in the presence of CX/CoFe is affected by dissolved organic matter 

corresponding to a HA concentration of 10 mg L-1, although in a small extent. Nevertheless, 

when the concentration of HA is increased up to 40 mg L-1 —i.e., an overestimated amount 

if the total organic carbon of the secondary treated wastewater used in this work is 

considered (6.2 mg L-1)— the removal of SMX is greatly affected. Regarding the presence of 

inorganic species, it is observed that bicarbonates, chlorides and sulphates have a negative 

impact on the removal of SMX by CWPO. Therefore, it is possible to conclude that the 

decrease of pollutant removal is mainly due to the presence of sulphates (30 mg L-1) and 

organic matter (18.9 mg L-1 chemical oxygen demand), but it is also affected by chlorides 

(0.44 mg L-1) and, possibly, by other unidentified constituents of the secondary treated 

wastewater under study (cf. Section 9.3.1). Regarding the drinking water employed, if the 

results shown in Figure 9.4 are analysed together with the properties given in Section 9.3.1, 

it is possible to conclude that the removal of SMX in this water matrix is mainly affected by 

the presence of inorganic species, namely bicarbonates (211 mg L-1), chlorides (9.8 mg L-1) 

and sulphates (15 mg L-1). 

9.1.3. Reusability cycles implementing in-situ magnetic separation for catalyst 

recovery 

The catalyst stability of CX/CoFe in the CWPO of SMX was assessed through reusability 

cycles performed by implementation of a simple in-situ magnetic separation procedure for 

catalyst recovery and reuse, as depicted in Figure 9.5. For that purpose, the treated water 

was recovered after the reaction stage, and the catalyst reused in another CWPO run upon 

the addition of a fresh SMX solution (500 μg L-1). In this way, the reusability cycles are able 

to mimic real-scale applications. Both ultrapure water and secondary treated wastewater 

were used in this study (cf. Figure 9.6,). However, based on the previous results, the catalyst 

dosage employed for the CWPO of SMX in secondary treated wastewater was increased 4-
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fold, up to 80 mg L-1, in order to promote a SMX removal comparable to that obtained in 

ultrapure water. As observed, the removal of SMX in the presence of CX/CoFe decreases in 

the two series of three consecutive CWPO runs. When ultrapure water is used, the SMX 

removal decreases from 94.6%, in the first run, to 64.6% and 51.4%, in the second and third 

runs, respectively (cf. Figure 9.6a). A higher decrease from the first to the second run was 

expected, due to the contribution of adsorption in the first use of CX/CoFe. As observed in 

Figure 9.6b, this effect is more pronounced when secondary treated wastewater is 

employed, due to its higher complexity. Nevertheless, the ability of CWPO to eliminate SMX 

in secondary treated wastewater is unequivocally shown, with 96.8% of its initial content 

being removed after 6 h of reaction in the presence CX/CoFe (corresponding to  

kapp = 0.0102 min-1; r2 = 0.97). This achievement is even more relevant considering that the 

process was performed at room temperature and atmospheric pressure, thus opening a 

window of opportunity for the development of economically viable treatment options to 

reduce the propagation of SMX in the urban water cycles. 

In order to better understand the deactivation phenomena responsible for the decrease 

of activity observed in the consecutive CWPO cycles, the textural properties of the CX/CoFe 

recovered after the first CWPO cycle performed with SMX in ultrapure water were analysed 

by N2 adsorption-desorption isotherms. It was found that the textural properties of CX/CoFe 

are not significantly affected by its application in the CWPO of SMX under the operating 

conditions considered. Specifically, only a ca. 2% decrease of the SBET was observed (from 

530 m2 g-1 in the fresh catalyst, to 520 m2 g-1 in the used catalyst). Since the textural 

properties of CX/CoFe were not significantly affected following the application in the CWPO 

of SMX, it is possible to conclude that the blockage of the porous structure is not the main 

cause of the catalyst deactivation observed. Bearing this in mind, thermogravimetric analysis 

(TGA) under oxidative atmosphere was used in order to better elucidate the causes of  

 

 
Figure 9.5. Experimental procedure during the CWPO reusability cycles performed with CX/CoFe. 
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catalyst deactivation. It was found that the ash content of CX/CoFe slightly decreases upon 

its application in the CWPO of SMX (from 11.0 wt.% in the fresh catalyst, to 8.9 wt.% in the 

used catalyst, representing a ca. 2% decrease). This fact suggests that the leaching of active 

metal species may contribute to the catalyst deactivation observed. Nevertheless, it should 

be noted that the experimental procedure used during the CWPO reusability cycles may also 

affect the results obtained. Since no catalyst is added during the successive CWPO cycles, 

this more realistic approach may lead to a loss of catalyst mass caused by the periodical 

withdrawn of samples from the reactor (to analyse SMX concentration against time). 

Therefore, the catalyst deactivation may be slightly overestimated. 

9.2. Conclusions 

The ability of the CWPO technology for the elimination of SMX in secondary treated 

wastewater and drinking water was shown. In addition, the magnetic susceptibility of the 

bimetallic magnetic carbon xerogel containing cobalt and iron species embedded in its 

structure (CX/CoFe) allowed for the application of an in-situ magnetic separation procedure 

for catalyst recovery and reuse. 

9.3. Experimental details 

Batch CWPO experiments were performed in a well-stirred (500 rpm) cylindrical jacketed 

glass reactor (internal diameter = 6 cm; height = 9.5 cm) connected to a thermostatic water 

bath with temperature control. The reactor was loaded with 250 mL of a SMX solution in 

different water matrices and, upon stabilization at the desired temperature, the solution 

pH was adjusted when necessary, using H2SO4 and NaOH solutions (1 mol L-1), the 

experiments being then allowed to proceed freely, without further conditioning of pH. After  

 

  
Figure 9.6. SMX removal in (a) ultrapure water and (b) secondary treated wastewater, obtained in a 
series of three CWPO runs performed with consecutive reuse of CX/CoFe. Experiments performed 
under the operating conditions given in Figure 9.1, except for the catalyst load of 80 mg L-1 in (b). 
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Table 9.1. Experimental details of the CWPO experiments reported in Chapter 9 

Aqueous model system 
Reactor/solution 

volume 
Operating conditions 

H2O2 stoichiometric 
ratioa 

[Pollutant]/ 
[catalyst] 

Sulfamethoxazole 
(500 μg L-1) 

268 mL/ 250 mL [catalyst] = 20 mg L-1 
[H2O2]0 = 500 mg L-1 
T = 25 oC; pH0 = 3 

t = 6 h  

384.6 0.025 

 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete 
mineralization of the pollutant considered. 

 

the initial pH adjustment, the catalyst was added and a calculated volume of H2O2 was 

injected into the system, in order to reach the desired concentration, that moment being 

considered as t0 = 0 min. Pure adsorption runs were performed in order to estimate the 

possible contribution of adsorption in the removal of SMX by CWPO. In this case, the amount 

of H2O2 was replaced by ultrapure water. Blank experiments, without any catalyst, were also 

carried out to assess possible non-catalytic oxidation promoted by H2O2. In order to show the 

role of the HO• radicals in the CWPO process, tert-butanol (tBuOH), a strong HO• radical 

scavenger [14, 15], was added before reaction.  

Unless stated otherwise, the CWPO experiments reported in Chapter 9 were performed 

under the conditions detailed in Table 9.1. 

9.3.1. Water matrices 

SMX solutions were prepared in (i) ultrapure water (pH = 6.5; 0.056 μS cm-1 conductivity); 

(ii) secondary treated wastewater (pH = 7.9; 6.2 mg L-1 total organic carbon; 1.07 mg L-1 

total suspended solids; 18.9 mg L-1 chemical oxygen demand; 311 μS cm-1 conductivity;  

30 mg L-1 sulphates; 0.44 mg L-1 chlorides) collected from the wastewater treatment plant 

of the University of Patras, Greece; and (iii) drinking water (pH = 7.5; 396 μS cm-1 

conductivity; 211 mg L-1 bicarbonates; 15 mg L-1 sulphates; 9.8 mg L-1 chlorides) obtained 

from a bottle of the commercially available brand Avra®, Greece.  

Six additional synthetic water matrices were used to prepare SMX solutions, namely 

ultrapure water in the presence of (i) humic acid (10 mg L-1); (ii) sodium bicarbonate  

(500 mg L-1 bicarbonates); (iii) humic acid (10 mg L-1) and sodium bicarbonate  

(500 mg L-1 bicarbonates); (iv) humic acid (40 mg L-1); (v) sodium chloride (200 mg L-1 

chlorides); and (vi) sodium sulphate (60 mg L-1 sulphates). 
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The concept of hierarchical waste management is well-established nowadays, mechanical 

biological treatment (MBT) plants being a suitable alternative that is growing in popularity 

in many European countries as well as in other countries worldwide [1, 2]. MBT plants 

typically operate in two steps: the first step comprises residue preparation and sorting into 

different fractions using mechanical means; the second step envisages the biological 

treatment of the organic fraction of municipal solid waste (MSW) to produce a stabilised 

solid output for agronomical applications (compost) or ultimately for disposal to landfill [3]. 

Under this context, anaerobic digestion is an energy efficient biological treatment technique 

that allows using the organic fraction of MSW as renewable energy source (e.g. through 

biogas production) while reducing the environmental impact of its direct landfill disposal [4, 

5]. Therefore, MBT plants allow reducing the waste stream going to landfill while benefiting 

from resources (e.g. recyclables and compost) and energy recovery [2]. In order to achieve 

optimum process conditions, the biodegradable fraction of the MSW going to anaerobic 

digestion must first be suspended in, or moistened with water, leading to significant 

freshwater requirements —from 0.4 to 0.6 m3 per tonne of waste, for dry or wet 

fermentation, respectively [5]. In addition to the process water from (i) anaerobic digestion, 

the other main sources of process water streams requiring subsequent treatment are: (ii) 

leachate from intensive rotting, (iii) pressing water from digestate dewatering and (iv) 

condensates and/or scrubber water from the exhaust treatment [5].  

Bearing this in mind, the ability of CWPO for the treatment of the liquid effluent from a 

MBT plant located in the Northeast region of Portugal (currently processing 50000 tonnes of 

MSW per year) was evaluated in Chapter 10. For that purpose, a high-performance hybrid 

magnetic graphitic nanocomposite —composed by a cobalt ferrite core and a graphitic shell 

(CoFe2O4/MGNC), was designed based on the findings reported in Chapters 5 – 8. In the 

following Sections the properties of CoFe2O4/MGNC are characterized and the respective 

performance in CWPO is evaluated against that of Fe3O4/MGNC using 4-NP aqueous model 

solutions (5 g L-1, corresponding to a total organic carbon content similar to that of the liquid 

effluent considered in this Chapter). The best performing catalyst was employed in the 

treatment of the liquid effluent collected from the MBT plant. The treatment efficiency was 

thoroughly evaluated by systematic measurements of chemical oxygen demand (COD), total 

organic carbon (TOC), aromaticity, H2O2 consumption and dissolved metal species. 5-Day 

biochemical oxygen demand (BOD5) was determined in order to estimate the effect of CWPO 

on the biodegradability of the liquid effluent. Total heterotrophic bacteria were estimated 

in order to assess the effect of CWPO on the autochthonous microbial population of the 

liquid effluent. Additional microbiological assays were performed in order to evaluate the 

antimicrobial activity of the liquid effluent before and after treatment by CWPO. 
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10.1. Textural and surface chemistry characterization 

CoFe2O4 and CoFe2O4/MGNC were characterized by XRD and TEM. The corresponding 

results are given in Figures 10.1 and 10.2, respectively. As observed in Figure 10.1, an impure 

phase was found in the diffraction pattern of CoFe2O4 in addition to cobalt ferrite  

(a = 8.387 Å, crystallite size of 14.3 ± 0.2 nm), which was ascribed to the thermal treatment 

required for the crystallization of the amorphous materials with the inverse spinel structure. 

This additional phase was identified as hematite (a = 5.043 Å, c = 13.78 Å, crystallite size of 

24.2 ± 0.5 nm), corresponding to 24 wt.% of CoFe2O4, as determined by XRD analysis. 

CoFe2O4/MGNC was prepared by the same procedure used for the synthesis of Fe3O4/MGNC, 

except that Fe3O4 was replaced by CoFe2O4 (cf. Section 4.1.5). Therefore, the encapsulation 

of these magnetic nanoparticles within a graphitic shell is expected to occur through a 

similar route to that reported in Section 8.1 for Fe3O4. As observed in Figure 10.2a, CoFe2O4 

nanoparticles were successfully encapsulated within graphitic structures during the synthesis 

of CoFe2O4/MGNC, resulting in core-shell structures. Regarding the molecular structure, iron 

(a = 2.858 Å, crystallite size of 44 ± 1 nm) was identified in the diffraction pattern of 

CoFe2O4/MGNC, in addition to cobalt ferrite (a = 8.363 Å, crystallite size of 33 ± 2 nm) and 

graphite (cf. Figure 10.1). When the average size of the magnetic cores of CoFe2O4/MGNC 

(56 ± 18 nm, as determined from TEM measurements, cf. Figure 10.2b), is compared to the 

size of parent CoFe2O4 (14 ± 4 nm, cf. the inset of Figure 10.2b), it is suggested that the 

cores of this hybrid material are mainly composed by agglomerates of magnetic 

nanoparticles. This phenomenon is in agreement with the mechanism proposed in Chapter 

8.1 for the synthesis of Fe3O4/MGNC, as depicted in Figure 8.3.    

 

 
Figure 10.1. XRD diffraction patterns of CoFe2O4 and CoFe2O4/MGNC. Standard reference pattern of 
cobalt ferrite (crystallography open database code: 1535820) is also given for comparison. 
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Table 10.1. Properties of CoFe2O4/MGNC: specific surface area (SBET), non-microporous specific 
surface area (Smeso), micropore volume (Vmicro), total pore volume (Vtotal), average pore diameter (dpore) 
and pH at the point of zero charge (pHPZC)  

Material 

Parameter 

SBET 

(m2 g-1) 

Smeso 

(m2 g-1) 
Vmicro 

(cm3 g-1) 
Vtotal 

(cm3 g-1) 
dpore 

(nm) 
pHPZC 

CoFe2O4/MGNC 330 170 0.07 0.31 3.75 9.0 

 

The texture and surface chemistry of CoFe2O4/MGNC were further characterized by TGA 

analysis, N2 adsorption-desorption isotherms and pHPZC. The TGA analysis of CoFe2O4/MGNC 

(results not shown) reveals 14.4 wt.% of ashes, corresponding to the mass fraction of CoFe2O4 

encapsulated in CoFe2O4/MGNC. It was also found that CoFe2O4/MGNC is stable up to 400 ºC 

under oxidizing atmosphere. As observed in Table 10.1, CoFe2O4/MGNC has a well-developed 

specific surface area, with a SBET of 330 m2 g-1, and a micro-mesoporous character, which is 

particularly reflected by the ratio Vmic/Vtotal = 0.23, as well as an average pore diameter of 

3.75 nm. When the textural properties of CoFe2O4/MGNC are compared to that of 

Fe3O4/MGNC (cf. Table 8.1), it is observed that similar textural properties are obtained 

regardless of the composition of the magnetic core. Nevertheless, as reflected by the pHPZC 

values given in Tables 8.1 and 10.1, the overall surface chemistry is slightly affected by the 

composition of the magnetic core. If the values of pHPZC obtained for Fe3O4/MGNC (7.1) and 

CoFe2O4/MGNC (9.0) are compared with those recently reported in the literature for their 

main metal oxide constituents [6, 7], namely Fe3O4 (6.2 – 8.0) and CoFe2O4 (7.5 – 10.1), it is 

suggested that the pHPZC of the MGNC materials are mainly determined by the different 

contributions of the metal oxides detected by XRD. 

 

 
Figure 10.2. (a) TEM micrographs of (main) CoFe2O4/MGNC and (inset) CoFe2O4. (b) Histogram of 
particle size distribution of (main) CoFe2O4/MGNC and (inset) CoFe2O4. 
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10.2. CWPO screening experiments with 4-NP model solutions 

The CoFe2O4/MGNC catalyst was prepared in order to further optimize the performance 

previously revealed by Fe3O4/MGNC in CWPO (cf. Chapter 8), through the replacement of 

the magnetic core. In order to evaluate the outcome of this approach, the performance of 

the MGNC materials in CWPO was initially evaluated through experiments performed with  

4-NP aqueous model solutions with high concentration (5 g L-1, corresponding to a TOC 

content similar to that of the liquid effluent considered in Section 10.4), under the operating 

conditions detailed in Table 10.2. In order to optimize the efficiency of catalyst usage, the 

catalyst dosage was kept very low when compared to the pollutant concentration, with a 

fixed pollutant/catalyst mass ratio as high as 10. As observed in Figure 10.3, the catalyst 

resulting from the inclusion of CoFe2O4 within a carbon shell (CoFe2O4/MGNC) reveals the 

highest activity for the CWPO of 4-NP. In this case, complete 4-NP conversion is obtained in 

3 h, corresponding to a very high average pollutant mass removal rate of 3333 mg g-1 h-1. 

The 4-NP removal obtained in the non-catalytic experiment is negligible when compared to 

that obtained in the presence of the MGNC catalysts (please refer to Figure C.7b for 

additional details on the non-catalytic experiment).  

By comparing the leaching of Fe species at the end of the CWPO runs performed with 

Fe3O4/MGNC (1.8 mg L-1) and CoFe2O4/MGNC (0.9 mg L-1), it is observed that CoFe2O4/MGNC 

reveals an enhanced resistance to the leaching of Fe species, which can be ascribed to the 

presence of Co species, as detailed in Chapter 7. However, as Co is oxidized during CWPO, 

its susceptibility to undergo leaching to the treated waters is expected to increase (cf. 

Chapter 7). In order to confirm this hypothesis, the leaching of Co from CoFe2O4/MGNC was 

determined at the end of the CWPO run depicted in Figure 10.3. Although under these   

  

 
Figure 10.3. 4-NP removal obtained as a function of time in CWPO runs performed with the MGNC 
materials. Experiments performed with [4-NP]0 = 5.0 g L-1, [catalyst] = 0.5 g L-1, [H2O2]0 = 17.8 g L-1 
(stoichiometric amount), T = 80 oC and pH = 3. 
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conditions the leaching of Co amounts to 10.7 mg L-1, there are a lack of standards for 

treated wastewater and even for drinking water [8]. 

Due to the best overall performance evidenced in the screening experiments, 

CoFe2O4/MGNC was object of additional studies. A pure adsorption run was performed in 

order to assess the possible adsorption influence on the removal of 4-NP by CWPO. As 

observed in Figure 10.4a, the removal of 4-NP obtained in the pure adsorption run performed 

with CoFe2O4/MGNC is negligible, corresponding to 0.7% of the initial content of 4-NP. This 

negligible percent adsorption removal of 4-NP can be ascribed to the very low CoFe2O4/MGNC 

dosage when compared to the pollutant concentration, as reflected by the 4-NP/catalyst 

mass ratio of 10. The evolution of COD, TOC and H2O2 consumption during the CWPO run 

performed with CoFe2O4/MGNC is also shown in Figure 10.4a. As observed, TOC and COD 

removals of 54.4% and 74.2% were respectively obtained. At the same time, the consumption 

of H2O2 amounts to 71.0%, representing high efficiencies of TOC and COD removals per unit 

of H2O2 decomposed.  

A leaching test was performed in order to evaluate the heterogeneous nature of the 

CoFe2O4/MGNC catalyst, as described in Section 4.3. As observed in Figure 10.4b, when the 

CoFe2O4/MGNC catalyst is removed after 30 min of reaction, the reaction solution reveals 

negligible activity in the CWPO of 4-NP, considering both 4-NP and TOC removals. This 

observation confirms the predominant role of heterogeneous CWPO promoted by 

CoFe2O4/MGNC. In addition, the participation of HO• radicals in the process was indirectly 

evaluated by adding tert-butanol (tBuOH), a strong HO• radical scavenger [9, 10], before 

one reaction. When the CWPO runs performed in the presence and absence of tBuOH are 

compared (cf. Figure C.10), it is observed that the removal of 4-NP is greatly suppressed by  

tBuOH. Although not directly supported by quantification of the HO• radicals formed during 

  

  
Figure 10.4. (a) 4-NP, COD, TOC and H2O2 normalized concentrations as a function of time in the 
CWPO run performed with CoFe2O4/MGNC; 4-NP removals by adsorption are also shown for 
comparison. (b) 4-NP and TOC removals obtained during the “leaching test” performed with 
CoFe2O4/MGNC (i.e., where the catalyst was removed from the solution after 30 min of reaction).  
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the process, this indirect result suggests the ability of CoFe2O4/MGNC to efficiently promote 

the decomposition of H2O2 via HO• formation. Furthermore, the aromatic by-products 

detected during the CWPO of 4-NP in the presence of CoFe2O4/MGNC (cf. Figure C.11a) are 

in agreement with a reaction mechanism including the attack of the 4-NP molecule by HO• 

radicals, as reported in Section 6.2.3. Further attack of HO• radicals on the aromatic 

intermediate compounds leads to the opening of the aromatic ring, and thus to the formation 

of a series of low molecular weight carboxylic acids (cf. Figure C.11b). In addition, NO3
- can 

be produced from the –NO2 group subtraction from the 4-NP aromatic ring under the 

oxidation conditions employed. Based on the NO3
- concentrations shown in Figure C.11b, it 

can be concluded that at least 50.8% of the total nitrogen initially present in the 4-NP 

aqueous model solution was effectively subtracted from the main aromatic ring after 4 h of 

CWPO in the presence of the CoFe2O4/MGNC catalyst. 

10.3. Development of an in-situ magnetic separation system for 

catalyst recovery 

In order to take advantage of the magnetic properties of CoFe2O4/MGNC, a lab-scale 

magnetic separation system was designed for in-situ catalyst recovery after the CWPO 

reaction stage. For that purpose, a switchable magnetic stand was coupled with the reactor 

after the reaction stage (as described in Section 10.6.2), allowing to perform 

reaction/separation sequential stages in a single vessel, thus avoiding the separation of the 

heterogeneous catalysts by filtration and/or centrifugation. As observed in Figure 10.5, this 

technique was successfully employed for the recovery of the CoFe2O4/MGNC catalyst after 

 

 
Figure 10.5. In-situ magnetic separation of CoFe2O4/MGNC at the end of the CWPO stage performed 
with the aid of a Mitutoyo 7033B switchable magnetic stand (clamping force 600 N); (a) front and (b) 
top view of the glass reactor immediately after the recovery of the treated water and (c) top view of 
the reactor after the drying process (60 oC) for catalyst recovery. 
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the CWPO run performed with 4-NP (5 g L-1), ca. 98% of the treated water being collected. 

An image of the glass reactor coupled with the magnetic separation device is provided in 

Figure 10.5a. In order to estimate the efficiency of catalyst recovery, the CoFe2O4/MGNC 

collected after the CWPO run was dried overnight at 60 oC and then weighted. 

Reaction/separation sequential experiments performed in triplicate allowed to determine 

the percentage of catalyst recovery. It was found that 77.0 ± 6.1 wt.% of the initial 

CoFe2O4/MGNC load is recovered by implementing the proposed in-situ magnetic separation 

system, a value well above the 57.9 ± 2.4 wt.% recovered by conventional filtration. The 

direct benefit of magnetic separation for the recovery of the catalyst in the same unit that 

is used in the CWPO experiments is thus demonstrated. With this in mind, in-situ magnetic 

separation will be further explored in the reusability cycles performed in Section 10.4.3. 

10.4. CWPO of the liquid effluent from a MBT plant for municipal solid 

waste 

Herein, the suitability of the most active and stable catalytic system obtained in Section 

10.2 for the CWPO of the liquid effluent collected from a MBT plant is evaluated. As detailed 

in Table 10.3, this effluent contains a high pollutant load, due to the presence of organic 

(9206 mg L-1 COD; 2046 mg L-1 TOC), inorganic (14350 mg L-1 bicarbonates; 2833 mg L-1 

chlorides) and biological (14.7 × 104 CFU mL-1 total heterotrophic bacteria cultivable at  

28 oC) species. According to the BOD5/COD ratio, which is widely used as an indicator of the 

biodegradability of liquid effluents, a wastewater is considered easily treatable by biological 

means if the BOD5/COD ratio is 0.5 or larger [11]. On the opposite, a BOD5/COD ratio below 

0.3 suggests the presence of toxic components, the wastewater being not biodegradable or 

acclimated microorganisms being required for its biological treatment [11]. The liquid 

effluent considered in this work is not expected to be prone to degradation by conventional 

biological treatments, according to the low BOD5/COD ratio of 0.21. It is also known that 

both bicarbonates and chlorides can act as HO• radical scavengers. Although several 

reactions involving bicarbonate and chloride ions may occur in the bulk, the HO• radical 

scavenging effect promoted by these inorganic species results mainly from their direct 

reaction with HO• radicals. The reaction of bicarbonate ions with HO• radicals can be 

described by Eq. 10.1 [12], while the reaction of chloride ions with HO• radicals proceeds 

through the mechanism described by Eqs. 10.2 and 10.3 [13]. Therefore, the presence of 

these inorganic species is expected to hinder the performance of CWPO for the treatment 

of the liquid effluent considered in this work. Bearing this in mind, the operating conditions 

that maximize the performance of CWPO for the treatment of the liquid effluent from the 

MBT plant in the presence of CoFe2O4/MGNC were thoroughly investigated.         
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HO• + HCO3
- →  CO3

•- + H2O (10.1) 

HO• + Cl- →  HOCl•- (10.2) 

HOCl•- + H+ →  Cl• + H2O (10.3) 

10.4.1. CWPO process optimization: the crucial role of the operating pH 

The operating conditions used in Section 10.2 were initially employed in this Section, the 

catalyst dosage being kept very low when compared to the effluent COD. Taking into account 

the possible catalytic contribution of the Fe species present in the liquid effluent collected 

from the MBT plant (6.4 mg L-1, cf. Table 10.3), a preliminary experiment was performed 

without added catalyst. In spite of the Fe content and the high complexity of the liquid 

effluent, the COD removal obtained after 24 h of reaction under these conditions was only 

12.8%, representing less than a third of that obtained in the presence of CoFe2O4/MGNC  

(0.5 g L-1). This result highlights the role of CWPO promoted by CoFe2O4/MGNC.  

Seeking for CWPO process optimization, the influence of H2O2 dosage was then evaluated. 

Based on the results obtained in CWPO runs performed with H2O2 concentrations in the range 

13.9 – 34.7 g L-1 (results not shown), it was found that the best performance is achieved 

when employing [H2O2]0 = 27.7 g L-1 (corresponding to the stoichiometric amount 

theoretically needed to reduce the effluent COD and to neutralize the HO• radical scavenging 

effect promoted by the chlorides dissolved in the effluent, as described by Eqs. 10.2 and 

10.3). Therefore, additional experiments were performed with this H2O2 dosage.  

It is noteworthy that the bicarbonate equilibrium concentration in water depends on the 

pH, as described by the acid ionization reactions, Eqs. 10.4 and 10.5, and corresponding 

acid-dissociation constants [14]. At the natural pH of the liquid effluent considered in this 

work (8.2) and given concentrations of dissolved matter and ions, the prevailing species is 

the bicarbonate ion (HCO3
-). In addition to the HO• radical scavenging described by Eq. 10.1, 

the negative effect of HCO3
- is particularly significant in the case of CWPO, since H2O2 can 

be directly decomposed through the parasitic reaction described by Eq. 10.6 [15], even 

before HO• formation. However, this parasitic reaction can be avoided by decreasing the 

solution pH to values below 6.35; in this case, HCO3
- is converted to carbonic acid (H2CO3), 

which is subsequently decomposed into carbon dioxide (which escapes the solution for the 

gas phase) and water (cf. Eq. 10.7) [16]. Therefore, based on the presence of bicarbonate 

species (14350 mg L-1), operating at pH < 6.35 is expected to favour the performance of 

CWPO for the treatment of the liquid effluent considered in this work. 

H2CO3(aq) ⇆ H+(aq) + HCO3
-(aq) pKa1 = 6.35 (10.4) 

HCO3
-(aq) ⇆ H+ + CO3

2–(aq) pKa2 = 10.33 (10.5) 

HCO3
-(aq) + H2O2(aq) ⇆ HCO4

-(aq) + H2O(aq)  (10.6) 



CHAPTER 10 

157 

H2CO3(aq) ⇆ CO2(g) + H2O(l)  (10.7) 

Nevertheless, the presence of chlorides should also be taken into account in this analysis. 

As discussed elsewhere for the H2O2/UV process, the solution pH can also affect the extent 

of the HO• radical scavenging reaction described by Eq.10.2 [17]. Specifically, the rate 

constant for the reaction described by Eq. 10.2 is 4.3 × 109 M-1 s-1; however, the hypochlorous 

radical (HOCl•-) formed by the reaction described by Eq. 10.2 is able to dissociate back to 

HO• radical and chloride ion (Cl-), the dissociation rate constant being  

6.1 × 109 s-1 [17]. As described by Eq. 10.3, HOCl•- can also be converted into chlorine radicals 

(Cl•) and water through a protonation reaction with the rate constant of  

2.1 × 1010 M-1 s-1, in this case the reverse rate reaction being much smaller (1.3 × 103 s-1) 

[17]. Therefore, it is expected that the formation of Cl• by the protonation reaction 

described by Eq. 10.3 increases as the solution pH decreases, thus promoting the scavenging 

reaction described by Eq. 10.2. In this case, the critical point affecting the extent of HO• 

radical scavenging is the pKa of the reverse reaction (i.e., the deprotonation reaction) 

described by Eq. 10.3 (7.2). Thus, it can be concluded that Cl• is the prevailing species at 

solution pH < 7.2, while HOCl•- becomes the dominant species when pH > 7.2, thus decreasing 

the consumption of HO• radicals by the reaction described by Eq. 10.2. Therefore, based on 

the presence of chloride species (2833 mg L-1), operating pH > 7.2 is expected to favour the 

performance of CWPO for the treatment of the liquid effluent considered in this work. 

Summarizing, the solution pH is expected to significantly affect the performance of CWPO 

for the treatment of the effluent from the MBT plant. On one hand, pH < 6.35 limits the 

negative effect of bicarbonates; while, on the other hand, pH > 7.2 limits the negative effect 

of chlorides. Therefore, the selection of the optimum pH may be considered as the crucial 

step to achieve the operating parameters that maximize the performance of the liquid 

effluent treatment by CWPO in the presence of CoFe2O4/MGNC. 

Bearing this in mind, the individual effect of the operating pH on the efficiency of CWPO 

was evaluated in the range 2.5 – 8. For that purpose, COD, TOC, aromaticity and H2O2 

conversions were determined, as shown in Figure 10.6a. The efficiency of CWPO for the 

treatment of the liquid effluent from the MBT plant tends to increase as the pH increases in 

the range 2.5 – 6, whereas it dramatically decreases for pH > 6. This phenomenon —ascribed 

to the presence of bicarbonates and chlorides— confirms the crucial role of the operating 

pH in the CWPO of the liquid effluent considered in this work, as previously discussed. At pH 

> 6, 97% of the initial H2O2 dosage is consumed within the first 30 min of reaction, most likely 

due to the fast reaction with HCO3
-, as described by Eq. 10.6. At pH < 6, the HO• radical 

scavenging by Cl- is increasingly significant, thus hindering the efficiency of the CWPO 

process. Therefore, pH = 6 can be considered the optimum operating pH, since it allows to 
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maximize the performance of the liquid effluent treatment by CWPO in the presence of 

CoFe2O4/MGNC. Additional insights on the COD, TOC, H2O2 and aromaticity conversions, and 

absorbance spectra evolution as a function of time in the CWPO run performed under the 

optimized conditions are given in Figures 10.6b and c, respectively. As observed, fast 

conversions of COD, TOC, aromaticity and H2O2 are obtained in the first 8 h of CWPO. Up to 

that point, ca. 93% of the effluent aromaticity is already converted; while from 8 to 24 h of 

reaction, an increase of only ca. 2% is observed in the aromaticity conversion. However, the 

TOC content of the effluent decreases ca. 14% during the same period, while the absorbance 

spectra also evolved favourably (cf. Figure 10.6c), revealing that the treatment reactions 

still proceed, although at a lower rate. These observations suggest that recalcitrant by-

products are formed when the aromatic compounds are attacked by HO• radicals (cf.  

 

 

  
Figure 10.6. (a) Effect of pH on COD, TOC, H2O2 and aromaticity conversions obtained after 24 h in 
CWPO runs performed with CoFe2O4/MGNC. (b) COD, TOC, H2O2, aromaticity (left axis), solution pH 
(right axis) and (c) absorbance spectra evolution as a function of time in the CWPO run performed at 
pH = 6; Experiments performed with the liquid effluent collected from a MBT plant,  
[CoFe2O4/MGNC] = 0.5 g L-1, [H2O2]0 = 27.7 g L-1, T = 80 oC and pH = 6. 
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demonstrated in Section 10.2). This mechanism is also suggested by the changes in the 

solution pH observed during the treatment by CWPO (cf. Figure 10.6b). Specifically, pH 

decreases from 6 (i.e., the initial pH) to 5.4 in the first 2 h, suggesting the formation of low 

molecular weight carboxylic acids; afterwards the pH gradually increases up to 6.5 at the 

end of the reaction, suggesting that the CWPO treatment is able to mineralize most of these 

carboxylic acids although at an apparently lower rate when broad parameters, like COD and 

TOC are considered. After 24 h of CWPO, ca. 95% of the effluent aromaticity is converted 

under these operating conditions, while ca. 55% of the initial COD and TOC are effectively 

removed. The H2O2 consumption during the treatment represents ca. 98% of the initial 

dosage. 

The BOD5 of the treated water was also determined in order to estimate the effect of 

CWPO on the biodegradability of the liquid effluent. It was found that the BOD5 is slightly 

affected during the process, a decrease from 1933 to 1760 mg L-1 being observed. At the 

same time the COD decreased from 9206 to 4164 mg L-1. Accordingly, the BOD5/COD ratio of 

the treated water is 0.42, representing a 2-fold increase when compared to the BOD5/COD 

ratio of the liquid effluent (0.21). A BOD5/COD ratio in the range 0.3 – 0.5 suggests that the 

wastewater is treatable by biological means [11]. It can be therefore concluded that the 

biodegradability of the liquid effluent is enhanced during the treatment by CWPO in the 

presence of CoFe2O4/MGNC.  

In addition, the dissolved Fe content was measured at the end of the CWPO runs 

performed with operating pH in the range 2.5 – 6. The highest value was found in the 

experiment performed at pH = 2.5, corresponding to a Fe concentration of 1.04 mg L-1; on 

the other hand, the lowest value was obtained in the experiment performed at pH = 6  

(0.27 mg L-1). However, it should be noted that the liquid effluent considered in this work is 

very complex. Although the total Fe content present in the effluent is 6.4 mg L-1, the amount 

of dissolved Fe species, i.e., those obtained after filtration (0.2 μm), actually depends on 

the pH. For instance, the inherent dissolved Fe content of the effluent is 0.96 mg L-1 after 

24 h at pH = 3, but this value decreases to 0.15 mg L-1 after 24 h at pH = 6. Therefore, the 

dissolved Fe content determined at the end of the CWPO runs cannot be fully ascribed to 

leaching from the CoFe2O4/MGNC catalyst. Likewise, the dissolved Co content at the end of 

the CWPO run performed at pH = 6 was also determined (0.58 mg L-1); it can be considered 

very low, in particular when compared to the inherently dissolved Co content in the effluent 

(0.12 mg L-1, cf. Table 10.3).     
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10.4.2. Disinfection and antimicrobial activity 

Regarding the bacterial population, heterotrophic plate count is a procedure widely used 

to evaluate the performance of treatment processes, since it allows to estimate the number 

of live heterotrophic bacteria in a given water or wastewater [11]. As described in Section 

4.4.12, the spread plate method was used in this work. The selected incubation temperature 

was 28 oC, since it favours the growth of waterborne bacteria [18-20]. Under this context, 

total heterotrophic bacteria in the treated water were estimated in order to assess the 

effect of CWPO on the effluent autochthonous microbial population (14.7 × 104 CFU mL-1 

total heterotrophic bacteria cultivable at 28 oC). After incubation at 28 oC during 5 days, not 

a single colony was found in the plate count performed in triplicate, even in the undiluted 

treated water samples. Therefore, although this was not the main goal of the treatment 

proposed, it can be concluded that disinfection of the effluent was achieved upon the CWPO 

treatment employed in the presence of CoFe2O4/MGNC under the optimum operating 

conditions considered (cf. Table 10.2). 

Additional microbiological assays were performed in order to evaluate the antimicrobial 

activity of the liquid effluent before and after treatment by CWPO. As described in Section 

4.4.12, the agar disk-diffusion method was used for the antimicrobial susceptibility testing. 

For that purpose, Klebsiella pneumoniae (Gram negative) and Bacillus cereus (Gram 

positive) were selected as test microorganisms. After 16 and 24 h of incubation at 37 oC, the 

absence of inhibition growth zones surrounding the testing paper discs containing both the 

effluent and the treated water samples was observed. These qualitative results reveal that 

both selected microorganisms are resistant to the effluent, either before or after treatment 

by CWPO, suggesting that the toxicity of the liquid effluent from the MBT plant is not 

increased during its treatment by CWPO under the optimum operating conditions considered 

(cf. Table 10.2). 

10.4.3. Reusability cycles implementing in-situ magnetic separation for catalyst 

recovery 

Catalyst separation and long-term stability are crucial aspects for the feasibility of the 

proposed water treatment process in large scale applications. Therefore, once the catalytic 

system and the CWPO process were optimized, the benefits of magnetic separation for the 

recovery of the catalyst were explored by performing a series of five CWPO 

reaction/separation sequential experiments in the same vessel with consecutive reuse of 

the CoFe2O4/MGNC catalyst, as depicted in Figure 10.7. For that purpose, the in-situ 

magnetic separation system developed in Section 10.3 was employed for catalyst recovery 

at the end of each CWPO cycle, the treated water being collected afterwards. In order to 
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ensure equal catalyst dosage throughout all the reusability cycles (0.5 g L-1), 23 wt.% of the 

initial catalyst load was added (i.e., 0.115 g L-1; corresponding to the mass fraction lost due 

to sampling and treated water collection), and a new CWPO run was performed upon the 

addition of fresh liquid effluent. As observed in Figure 10.8, the efficiency of CWPO for the 

treatment of the liquid effluent from the MBT plant is maintained throughout the five cycles 

performed in the presence of CoFe2O4/MGNC under the optimum operating conditions 

determined in Section 10.4.1. Under these conditions, the COD, TOC, aromaticity and H2O2 

conversions obtained after 24 h of reaction with CoFe2O4/MGNC are not particularly affected 

by the successive reuse of the catalyst, thus revealing its high stability for CWPO, and high 

potential for large scale applications. This stability feature for CWPO can be ascribed to the 

resistance of CoFe2O4/MGNC against the leaching of Fe, as highlighted by measuring the 

dissolved Fe content at the end of each CWPO cycle (cf. Figure 10.8). Specifically, the 

highest value was obtained in the first cycle, corresponding to 0.27 mg L-1. From the second 

to the fifth cycle, the dissolved Fe content was in the range 0.13 – 0.17 mg L-1. The dissolved 

Fe content obtained after the fifth CWPO cycle is similar to the dissolved Fe content inherent 

to the liquid effluent (0.15 mg L-1; as discussed in Section 10.4.1), confirming the high 

resistance of CoFe2O4/MGNC to the leaching of Fe species. Regarding the leaching of Co 

species, the lowest value was obtained in the first CWPO cycle (0.58 mg L-1), while the 

highest value was obtained in the third cycle (4.55 mg L-1). The leaching of Co species in the 

remaining cycles was in the range 1.92 – 2.64 mg L-1, the lowest value being obtained after 

the fifth cycle. These results suggest that Co species are more susceptible to undergo 

leaching from the catalyst to the treated waters than Fe species, which is in line with the 

 

 
Figure 10.7. Experimental procedure during the CWPO reusability cycles performed with the liquid 
effluent collected from a MBT plant and CoFe2O4/MGNC. 
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results previously reported on the application of bimetallic iron-cobalt magnetic carbon 

xerogels in CWPO (cf. Chapter 7). 

10.5. Conclusions 

The ability of the developed catalytic system - resulting from the inclusion of CoFe2O4 

into a graphitic structure during the synthesis of CoFe2O4/MGNC, to enable the treatment of 

the liquid effluent from a MBT plant for MSW by CWPO —in spite of its very high concentration 

of chlorides and bicarbonates, and in a wide range of operating pH— opens future prospects 

for the applicability of this wastewater treatment technology. A magnetic separation system 

was developed for the in-situ recovery of CoFe2O4/MGNC after the CWPO reaction stage. A 

series of five CWPO reaction/separation sequential experiments performed in the same 

vessel with consecutive catalyst reuse allowed to conclude about the high stability of 

CoFe2O4/MGNC for CWPO applications. 

10.6. Experimental details 

Unless stated otherwise, the CWPO experiments reported in Chapter 10 were performed 

under the conditions detailed in Table 10.2. 

10.6.1. Liquid effluent from a mechanical biological treatment plant for 

municipal solid waste 

The liquid effluent used in this Chapter was collected from a MBT plant for MSW located 

in Northern Portugal. The liquid effluent, whose properties are summarized in Table 10.3, 

gathers all the wastewater produced in the plant (mainly composed by a mechanical unit for  

 

 
Figure 10.8. 4-NP, COD, TOC and H2O2 conversions obtained after 24 h in a series of five CWPO runs 
performed with consecutive reuse of CoFe2O4/MGNC (bars/left axis), and respective dissolved iron 
(squares/right axis) and cobalt (circles/right axis). Experiments performed with  
[CoFe2O4/MGNC] = 0.5 g L-1, [H2O2]0 = 27.7 g L-1, T = 80 oC and pH = 6.  
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Table 10.2. Experimental details of the CWPO experiments reported in Chapter 10 

Aqueous model system 
Reactor/solution 

volume 
Operating conditions 

H2O2 stoichiometric 
ratioa 

[Pollutant]/ 
[catalyst] 

4-nitrophenol 
(5.0 g L-1) 

100 mL/ 50 mL [Catalyst] = 0.5 g L-1 
[H2O2]0 = 17.8 g L-1 
T = 80 oC; pH0 = 3 

t = 8 h  

1 10 

Liquid effluent from 
the MBT plant for MSW 

100 mL/ 50 mL [Catalyst] = 0.5 g L-1 
[H2O2]0 = 27.7 g L-1 
T = 80 oC; pH0 = 6 

t = 24 h 

1 Not 
applicable 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete 
mineralization of the pollutant considered; in the case of the liquid effluent from the MBT plant for MSW, this 
ratio was estimated based on the stoichiometric amount theoretically needed to reduce the effluent COD and to 
neutralize the HO• radical scavenging effect promoted by the chlorides dissolved in the effluent, as described by 
Eqs. 10.2 and 10.3. 

 

residue sorting, followed by an anaerobic digestion unit for biogas production from the 

organic fraction of the MSW). The liquid effluent was filtered (analytical filter paper, 25 μm) 

prior to its use in this work, in order to remove the suspended solids that would interfere in 

subsequent treatment and analytical steps. 

10.6.2. Reusability cycles implementing in-situ magnetic separation for catalyst 

recovery 

The in-situ magnetic separation of the catalyst was performed after the reaction stage, 

by coupling a Mitutoyo 7033B switchable magnetic stand (clamping force 600 N) with the 

glass reactor used for CWPO. Briefly, the magnetic separation device is composed by four 

parts: a non-ferrous metal spacer placed between two plates or iron, and the magnet at the 

centre; when the magnet poles are aligned with the ferrous plates the magnetic stand is ON, 

whereas the magnetic stand is OFF when the magnet poles are aligned with the non-ferrous 

spacer. When the round bottom glass reactor was placed on the magnetic separation device, 

it was immediately switched ON and the magnetic separation was allowed to proceed during 

5 min. Afterwards, the treated water was collected with a pipette. In order to evaluate the 

stability of the CoFe2O4/MGNC catalyst in the CWPO of the liquid effluent from the MBT 

plant, reusability cycles were performed as described: after each run, in-situ magnetic 

separation was employed for catalyst recovery and the treated water was collected. 

Afterwards, 23 wt.% of the initial catalyst load was added (i.e., 0.115 g L-1; corresponding 

to the mass fraction lost due to the sampling procedure and to the treated water collection) 

in order to ensure equal catalyst dosage throughout all the reusability cycles (0.5 g L-1), and 

the catalyst was reused in CWPO upon the addition of fresh liquid effluent. 
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Table 10.3. Characterization of the liquid effluent from the MBT plant for MSW located in Northern 
Portugal, as determined in triplicate measurements 

Parameter Value Units 

Chemical oxygen demand (COD) 9206 ± 284 mg L-1 

Biochemical oxygen demand (BOD5) 1933 ± 153 mg L-1 

Total organic carbon (TOC) 2046 ± 16 mg L-1 

Chlorides 2833 ± 14 mg L-1 

pH at 25 oC 8.20 ± 0.01 Sørensen scale 

Total Fe content 6.4 ± 0.1 mg L-1 

Dissolved Co content 0.12 ± 0.01 mg L-1 

Total heterotrophic bacteria cultivable at 28 oC 14.7 ± 2.1 × 104 CFU mL-1 

Conductivitya 23933 ± 4554 μS cm-1 

Bicarbonatesa 14350 ± 50 mg L-1 

Ammonia nitrogena 2300 ± 285 mg L-1 

Total hydrocarbonsa 4 ± 1 mg L-1 
a As determined in quarterly analysis provided by the intermunicipal company. 
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This work is about the application of chemical sciences and engineering to the design of 

hybrid magnetic carbon nanocomposites as catalysts for wet peroxide oxidation process. 

New insights into how the properties of carbon materials affect their performance in CWPO 

are gained in Chapters 5 and 6. In addition, the benefits of operating CWPO under intensified 

conditions (i.e., with higher pollutant concentrations, lower catalyst loads and 

stoichiometric amounts of H2O2, which may be potentially more attractive for industrial 

applications) became evident in terms of efficiency of catalyst usage and H2O2 consumption. 

The contribution of Chapters 5 and 6 towards this Ph.D. dissertation is of utmost importance. 

Although the overall performance of metal-free carbon materials in CWPO is significantly 

lower than that of the hybrid magnetic carbon nanocomposites (average pollutant mass 

removal rates in the range 53.9 – 67.6 mg g-1 h-1, whereas values as high as 5000 mg g-1 h-1 

were obtained with the metal-containing materials), the latter were prepared based on the 

assumptions that they were required to possess a well-developed porosity and a non-acidic 

overall surface charge. This is reflected by the SBET (in the range 330 – 580 m2 g-1) and pHPZC 

(6.6 – 9.0) of the hybrid materials reported in this Ph.D. dissertation. In addition, the 

experiments performed in the subsequent chapters were carried out with high 

pollutant/catalyst mass ratios, in the range 2 – 10, in order to increase the coverage of the 

catalyst surface by the pollutant molecules. Chapter 9 is an exception in this regard, since 

it reports the case-study on the removal of a micropollutant of emerging concern by CWPO, 

performed at the University of Patras under the framework of COST Action ES1403: NEREUS 

(as detailed in Chapter 1).  

It should be noted that 2-nitrophenol (2-NP) was initially employed as model pollutant in 

Chapter 5, whereas 4-nitrophenol (4-NP) was used afterwards. Both these aqueous model 

systems are suitable for the preliminary evaluation of a given catalytic system, as detailed 

in Section 2.3. However, the higher solubility of 4-NP (cf. Table 2.5) enabled the preparation 

of solutions with higher concentrations, up to 5 g L-1. Therefore, 4-NP aqueous model systems 

were selected for the subsequent studies. 

The individual effects of the metal species employed in carbon embedded magnetic 

composites were studied in Chapter 7. For that purpose, three magnetic carbon xerogels 

were prepared by inclusion of iron and/or cobalt precursors during the sol-gel polymerization 

of resorcinol and formaldehyde, followed by thermal annealing.  

In Chapter 8, a hybrid magnetic graphitic nanocomposite —composed by a magnetite core 

and a graphitic shell (Fe3O4/MGNC)—, was synthesized by hierarchical co-assembly of 

magnetite nanoparticles and carbon precursors, followed by thermal annealing. 

Chapter 9 is an exception within the trend reported in these studies towards the 

application of CWPO under intensified conditions. In this case-study performed at the 
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University of Patras (cf. Chapter 1), the ability of CWPO for the degradation of an 

antimicrobial agent typically found throughout the urban water cycle —sulfamethoxazole 

(SMX)—, was evaluated using the magnetic carbon xerogels developed in Chapter 7. 

The findings reported in Chapters 7 and 8 enabled the design of a high-performance hybrid 

magnetic graphitic nanocomposite —composed by a cobalt ferrite core and a graphitic shell 

(CoFe2O4/MGNC). In chapter 10, this new generation catalyst was used in order to evaluate 

the ability of CWPO for the treatment of the liquid effluent from a mechanical biological 

treatment plant for municipal solid waste. 
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The importance of the balance between textural and surface chemistry properties of 

carbon-based catalysts for CWPO was demonstrated for the design and development of 

glycerol-based carbon materials (Chapter 5). Specifically, it was concluded that:  

• the adequate development of porosity is crucial when designing efficient carbon-

based catalysts for CWPO, as it enables increased adsorptive interactions between 

the pollutant molecules and the carbon surface; 

• the presence of oxygen-containing acidic functionalities hinders the catalytic 

activity for the decomposition of H2O2 via HO• radicals formation. 

 

Regarding the graphene-based carbon materials (Chapter 6), the number of defects in the 

structure of reduced graphene oxides was related with enhanced H2O2 decomposition: 

• It was shown that higher concentration of HO• radicals does not necessarily leads 

to higher efficiency of the CWPO process —indeed, it can lead to a higher rate of 

non-efficient parasitic reactions occurring in the bulk; 

• On the contrary, it was shown that higher pollutant concentrations at the surface 

of the catalysts enables a more intimate contact between the recently formed 

HO• radicals and the pollutant, which promotes a more efficient use of the HO• 

radicals formed nearby the adsorbed molecules, leading to further oxidation and 

thus increasing the efficiency of H2O2 consumption.  

These observations highlight the relevance of adsorptive interactions between the 

pollutant molecules and the surface of carbon-based catalysts when seeking for highly 

efficient CWPO applications. In addition, a reaction mechanism was proposed for the CWPO 

of 4-NP. 

 

The performance of three magnetic carbon xerogels was evaluated in Chapter 7. The 

bimetallic magnetic carbon xerogel catalyst (CX/CoFe) was more active than each of the 

monometallic catalysts (CX/Fe or CX/Co). This better performance in CWPO was explained 

in terms of a synergic association of factors arising from the simultaneous incorporation of 

cobalt and iron into carbon frameworks, as a result of:  

• the enhanced accessibility to the active iron species existing at the surface of the 

catalyst; 

• the ability of metallic Co species to catalyse the decomposition of H2O2 via HO• 

radicals formation; 

•  the more efficient reduction of Fe3+ to Fe2+ promoted by metallic Co species 

existing at the surface of CX/CoFe. 
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 The application of the developed carbon encapsulated magnetic composite 

(Fe3O4/MGNC) in CWPO allowed to conclude about the role of the carbon shell (Chapter 8). 

Specifically, it was shown that the encapsulation of magnetite nanoparticles within carbon 

frameworks has two effects:  

• enhances the catalytic activity in CWPO when compared to bare magnetite; 

• strongly prevents the leaching of iron species to the treated water.  

The first effect was ascribed to the increased adsorptive interactions between the carbon 

phase and the pollutant molecules. The lower metal leaching obtained with the 

nanocomposite catalyst was ascribed to the confinement effect promoted by the carbon 

shell. As a result of these positive effects, very high pollutant mass removals were obtained 

with a rather high efficiency of H2O2 consumption, and the composite catalyst was active for 

operating pH in the range 3 – 6.  

 

The ability of CWPO for the elimination of SMX in secondary treated wastewater and 

drinking water was shown in Chapter 9. Nevertheless, it was found that the performance of 

the treatment decreases when applied to more complex water and wastewater samples. In 

addition, an in-situ magnetic separation procedure was applied for catalyst recovery and 

reuse. 

 

A high-performance hybrid magnetic graphitic nanocomposite was prepared by inclusion 

of CoFe2O4 into a graphitic structure (CoFe2O4/MGNC), as described in Chapter 10. In this 

way, the positive effects listed under the conclusions of Chapters 7 and 8 were potentially 

combined in the same nanocomposite material (except for the enhanced accessibility to the 

active iron species). It was found that the application of this new generation catalyst enables 

the treatment of waste waters with high pollutant loads, such as that from the MBT plant 

considered in this chapter. The biodegradability of the wastewater was enhanced during the 

treatment performed at pH = 6, regardless of its high organic and inorganic content; 

disinfection was achieved and the treated water revealed no toxicity against selected 

bacteria. In addition, a magnetic separation system was developed for the in-situ recovery 

of the CoFe2O4/MGNC catalyst after the CWPO reaction stage. The high stability of 

CoFe2O4/MGNC for CWPO was then demonstrated in a series of five CWPO reaction/magnetic 

separation sequential experiments performed in the same vessel. 

 

Bearing this in mind, the conducted studies demonstrate the adequacy of CWPO as a 

water treatment technology for the elimination of bio-recalcitrant pollutants in aqueous 

phase. A detailed catalyst design, based on the understanding of the surface reactions and 
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interactions involved in the whole process, has allowed the development of hybrid magnetic 

carbon nanocomposites with increasingly improved activity and stability features for CWPO. 

Operating CWPO under intensified conditions (i.e., with higher pollutant concentrations, 

lower catalyst loads and stoichiometric amounts of H2O2) has enabled achieving high 

efficiency of H2O2 consumption throughout the treatment processes. The application of the 

developed catalytic systems has also allowed the treatment of waste waters at near-neutral 

operating pH. This approach was a step forward towards the treatment of a real industrial 

wastewater with high pollutant load —collected from a MBT plant for MSW.  

 

The proper understanding of how the efficiency of this treatment technology is affected 

by the catalyst properties and the operating conditions is fundamental in order to design 

materials with potential to be an effective tool for real-scale CWPO applications. 

Nevertheless, as in all fields of nanomaterials application, large-scale production is still a 

major challenge. Studies on large-scale production of hybrid magnetic carbon 

nanocomposites for application in CWPO processes have never been reported in the 

literature. Therefore, possible limitations on reproducibility of the characteristics of these 

novel materials should be addressed in future works, in order to evaluate the feasibility of 

its large-scale use. However, much is yet to be done in order to move on from the design of 

materials with potential to be an effective tool for real-scale CWPO applications towards 

effective real-scale CWPO applications. The strategy herein proposed would ultimately allow 

producing materials in sufficient quantities to study the performance of CWPO in more 

realistic conditions. Once the legal requirements established by Municipal regulations for 

the discharge of industrial waste waters into the municipal wastewater collection system 

are met, the by-products formed during CWPO and, specially, the biodegradability (in 

subsequent conventional treatment plants for municipal waste waters) of the treated 

industrial waters should be thoroughly evaluated. Afterwards, the impact of the final water 

discharge on Flora, Fauna and Human health should also be addressed, including both the 

study of toxicity and proliferation of antibiotic resistant bacteria and/or resistance genes 

(ARB&ARG).   
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APPENDICES 

Supplementary information to this Ph.D. dissertation is provided in the Appendices: 

- A full list of the reagents used in this work is provided in Appendix A; 

- In Appendix B, the research article published on the development and validation of the 

HPLC methods used for the determination of the 4-NP parent compound and its possible 

oxidation by-products is entirely reproduced in portable document format (pdf); 

- Supplementary material to this Ph.D. dissertation is provided in Appendix C; 

- Detailed lists of publications in peer reviewed journals and communications in scientific 

meetings directly related with the present Ph.D. dissertation are given in Appendices D and 

E, respectively. 
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A.  REAGENTS 
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The main charactheristics of the chemicals used throughout this work are listed in Table 

A.1. All chemicals were used as received, without further purification. Distilled water was 

used throughout the work. Gases with high purity were used in all the procudures. 

 

Table A.1. Main characteristics of the reagents used during the Ph.D. studies 

Task Reagent description 

CAS 

registry 

number 

Purity Supplier 

Synthesis of glycerol-based 
carbon materials 

Glycerol 
Sulphuric acid 

56-81-5 
7664-93-9 

99 wt.% 
95 wt.% 

Alfa Aesar 
Fisher Chemical 

Synthesis of graphene- 
based materials 

Sulphuric acid 
Potassium permanganate 
Hydrogen peroxide 
Hydrochloric acid 
L-ascorbic acid 
D-(+)-glucose 
Hydrazine hydrate 
Ammonia solution 

7664-93-9 
7722-64-7 
7722-84-1 
7647-01-0 
50-81-7 
50-99-7 

10217-52-4 
1336-21-6 

96 wt.% 
99 wt.% 
30% w/v 
37 wt.% 
99 wt.% 

99.5 wt.% 
50 wt.% 
25 wt.% 

Riedel-de-Haën 
Merck 
Fluka 

Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 

Riedel-de Haën 

Synthesis of magnetic 
carbon xerogels 

Resorcinol 
Formaldehyde solutiona 
Sodium hydroxide 
Iron (III) chloride hexahydrate 
Cobalt (II) chloride hexahydrate 
Hydrochloric acid 

108-46-3 
50-00-0 

1310-73-2 
10025-77-1 
7791-13-1 
7647-01-0 

99 wt.% 
37 wt.% 

98.7 wt.% 
97 wt.% 
99 wt.% 
37 wt.% 

Fisher Chemical 
Panreac 

Fisher Chemical 
Panreac 

Fisher Chemical 
Fisher Chemical 

Synthesis of magnetic 
nanoparticles 

Iron (II) chloride tetrahydrate 
Iron (III) chloride hexahydrate 
Ammonia solution 
Cobalt (II) chloride hexahydrate 
Ethanol absolute 

13478-10-9 
10025-77-1 
1336-21-6 
7791-13-1 
64-17-5 

99 wt.% 
97 wt.% 
25 wt.% 

99 wt.% 
99.99 wt.% 

Sigma-Aldrich 
Panreac 
Panreac 

Fisher Chemical 
Fisher Chemical 

Synthesis of magnetic 
graphitic nanocomposites 

Copolymer pluronic F127 
Phenol 
Formaldehyde solutiona 
Sodium hydroxide 
Hydrochloric acid 

9003-11-6 
108-95-2 
50-00-0 

1310-73-2 
7647-01-0 

Unavailable 
99.5 wt.% 
37 wt.% 

98.7 wt.% 
37 wt.% 

Sigma-Aldrich 
Panreac 
Panreac 

Fisher Chemical 
Fisher Chemical 

Determination of pHPZC Hydrochloric acid 
Sodium hydroxide 
Sodium chloride 

7647-01-0 
1310-73-2 
647-14-5 

37 wt.% 
98.7 wt.% 
99.8 wt.% 

Fisher Chemical 
Fisher Chemical 
Sigma-Aldrich 

Concentration of acidic 
and basic sites 

Hydrochloric acid 
Sodium hydroxide 
Phenolphthalein 

7647-01-0 
1310-73-2 
77-09-8 

37 wt.% 
98 wt.% 
99 wt.% 

Sigma-Aldrich 
Panreac 
Panreac 

CWPO experimentsb 4-nitrophenol 
2-nitrophenol 
Sulphuric acid 
Sodium hydroxide 
Hydrogen peroxide 

100-02-7 
88-75-5 

7664-93-9 
1310-73-2 
7722-84-1 

99 wt.% 
98 wt.% 
95 wt.% 

98.7 wt.% 
30% w/v 

Acros Organics 
Sigma-Aldrich 

Fisher Chemical 
Fisher Chemical 

Fluka 

Determination of 4-NP and 
oxidation by-products (and 
2-NP) 

Acetic acid 
Methanol 
Acetonitrile 
Sulphuric acid 

64-19-7 
67-56-1 
75-05-8 

7664-93-9 

99.8 wt.% 
99.99 wt.% 
99.99 wt.% 

98 wt.% 

Fisher Chemical 
Fisher Chemical 
Fisher Chemical 

LabKem 
 

a In water, stabilized with 15 wt.% methanol; b except Chapter 9; n/a = not applicable. 
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Table A.1 (cont.). Main characteristics of the reagents used during the Ph.D. studies 

Task Reagent description 

CAS 

registry 

number 

Purity Supplier 

Determination of 
sulfamethoxazole 

Acetonitrile 75-05-8 99.9 wt.% Sigma-Aldrich 

Determination of hydrogen 
peroxideb 

Titanium (IV) oxysulfate in 
dilute sulphuric acid 
Sulphuric acid 

13825-74-6 
 

7664-93-9 

15 wt.% 
 

95 wt.% 

Sigma-Aldrich 
 

Fisher Chemical 

Determination of COD Mercury (II) sulphate 
Potassium dichromate 
Silver sulphate 
Sulphuric acid 
 

7783-35-9 
7778-50-9 
10294-26-5 
7664-93-9 

99 wt.% 
99.5 wt.% 
95 wt.% 
95 wt.% 

Panreac 
Panreac 

Fisher Chemical 
Fisher Chemical 

Determination of BOD5 Sodium hydroxide 1310-73-2 98.73 wt.% Fisher Chemical 

Dissolved iron content 1,10-phenantroline 
L-ascorbic acid 
Ammonium acetate 
Acetic acid 

5144-89-8 
50-81-7 
631-61-8 
64-19-7 

99 wt.% 
99 wt.% 
98 wt.% 

99.8 wt.% 

Panreac 
Fisher Chemical 

Pronalab 
Fisher Chemical 

Microbiological assays Plate count agar (PCA) 
Muller Hinton agar (MHA) 
Nutrient broth (NB) 

n/a 
n/a 
n/a 

n/a 
n/a 
n/a 

Liofilchem 
Liofilchem 
Liofilchem 

Sampling Sodium sulphite 
Methanol 

7757-83-7 
67-56-1 

98 wt.% 
99.9 wt.% 

Panreac 
Fluka 

Chapter 9 Sulfamethoxazole 
 
hydrogen peroxide 
Acetic acid 
Humic acid 
 
Sodium bicarbonate 
Sodium chloride 
Sodium hydroxide 
Sodium sulphate 
Sodium sulphite 
Sulphuric acid 
tert-Butanol 
L-ascorbic acid 
1,10-phenantroline 
Ammonium acetate 

723-46-6 
 

7722-84-1 
64-19-7 

1415-93-6 
 

144-55-8 
7647-14-5 
1310-73-2 
7757-82-6 
7757-83-7 
7664-93-9 
75-65-0 
50-81-7 

5144-89-8 
631-61-8 

Analytical 
standard 
30 wt.% 

99.8 wt.% 
Technical 

grade 
99.7 wt.% 
99.8 wt.% 
98 wt.% 
99 wt.% 
98 wt.% 
95 wt.% 
99 wt.% 
99 wt.% 
99 wt.% 
98 wt.% 

Sigma-Aldrich 
 

Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 

 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 
Sigma-Aldrich 

Fluka 
Chem-Lab NV 

Serva 
Penta Chemicals 

a In water, stabilized with 15 wt.% methanol; b except Chapter 9; n/a = not applicable.  
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B.  HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY AS A TOOL TO 

EVALUATE THE PERFORMANCE OF THE CATALYTIC WET PEROXIDE 

OXIDATION OF 4-NITROPHENOL: PRE-VALIDATION OF ANALYTICAL 

METHODS 
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liquid chromatography as a tool to evaluate the performance of the catalytic wet peroxide 

oxidation of 4-nitrophenol: pre-validation of analytical methods, U.Porto Journal of 

Engineering 1 (2015) 50-66 
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C.  SUPPLEMENTARY INFORMATION 
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Figure C.1. Thermogravimetric analysis (TGA) of GBCM in (a) N2 and (b) air atmosphere. 
 

 

 
Figure C.2. pH drift tests performed for the determination of the pH at the point of zero charge 
(pHPZC) of the GBCM materials.  
 

 

  
Figure C.3. 2-NP and H2O2 conversions obtained as a function of time in non-catalytic (blank) 
experiments performed with T = 50 oC, pH = 3, and (a) [2-NP]0 = 0.1 g L-1 and [H2O2]0 = 1.18 g L-1; and 
(b) [2-NP]0 = 0.5 g L-1 and [H2O2]0 = 1.78 g L-1.  
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Figure C.4. 4-NP and H2O2 conversions obtained as a function of time in a (a) non-catalytic (blank) 
experiment and (b) homogeneous CWPO run performed with Co2+ (126 mg L-1). Experiments performed 
with [4-NP]0 = 5.0 g L-1, [H2O2]0 = 17.8 g L-1 , T = 50 oC and pH = 3. 
 
 

 

  
Figure C.5. XPS spectra of (a) CX/Fe, (b) CX/Co and (c) CX/CoFe. 
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Figure C.6. (a) Thermogravimetric analysis (TGA) of Fe3O4/MGNC in air atmosphere; (b) N2 adsorption-
desorption isotherm at -196 oC of Fe3O4/MGNC. 
 

 
Figure C.7. 4-NP and H2O2 conversions obtained as a function of time in non-catalytic (blank) 
experiments performed with T = 80 oC, pH = 3 and (a) [4-NP]0 = 0.2 g L-1 and [H2O2]0 = 0.712 g L-1, and 
(b) [4-NP]0 = 5.0 g L-1 and [H2O2]0 = 17.8 g L-1. 
 

   
Figure C.8. Evolution of (a) aromatic and (b) non-aromatic by-products of 4-NP oxidation, when using 
Fe3O4/MGNC in the CWPO process developed with [4-NP]0 = 5.0 g L-1, [Fe3O4/MGNC] = 0.5 g L-1, 
[H2O2]0 = 17.8 g L-1 (stoichiometric amount), T = 80 oC and pH = 3. 
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Figure C.9. Effect of (a) catalyst load, (b) [H2O2]0, (c) [SMX]0, (d) pHo and (e) temperature, on the 
removal of SMX when using CX/CoFe. (f) Arrhenius plot of the kapp values obtained at T = 25, 30, 40, 
50 and 60 oC.  
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Figure C.10. Effect of tert-butanol (tBuOH) on the 4-NP removal by CWPO, when using 
CoFe2O4/MGNC. Experiments performed with [4-NP]0 = 5.0 g L-1, [CoFe2O4/MGNC] = 0.5 g L-1,  
[H2O2]0 = 17.8 g L-1 (stoichiometric amount), T = 80 oC and pH = 3. 
 

 
Figure C.11. Evolution of (a) aromatic and (b) non-aromatic by-products of 4-NP oxidation, when 
using CoFe2O4/MGNC in the CWPO process developed with [4-NP]0 = 5.0 g L-1,  
[CoFe2O4/MGNC] = 0.5 g L-1, [H2O2]0 = 17.8 g L-1 (stoichiometric amount), T = 80 oC and pH = 3. 
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