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Abstract 

Several motivations have prompted the scientific community towards the application of 

hybrid magnetic carbon nanocomposites in catalytic wet peroxide oxidation (CWPO) 

processes. The most relevant literature on this topic is reviewed, with a special focus on 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. These are mainly ascribed 

to increased adsorptive interactions, to good structural stability and low leaching levels of the 

metal species, and to increased regeneration and dispersion of the active sites, which are 

promoted by the presence of the carbon-based materials in the composites. 

The most significant features of carbon materials that may be further explored in the design 

of improved hybrid magnetic catalysts are also addressed, taking into consideration the 

experimental knowledge gathered by the authors in their studies and development of carbon-

based catalysts for CWPO. The presence of stable metal impurities, basic active sites and 

sulphur-containing functionalities, as well as high specific surface area, adequate porous 

texture, adsorptive interactions and structural defects, are shown to increase the activity of 

carbon materials when applied in CWPO, while the presence of acidic oxygen-containing 

functionalities has the opposite effect. 

   

 

Keywords: Magnetic nanocomposites; Carbon materials; Catalytic wet peroxide oxidation 

(CWPO); Heterogeneous Fenton process.   



3 

 

1. Introduction 

With the increasing scarcity of clean water sources, wastewater treatment, and even reuse, 

became of utmost importance. Therefore, the development of efficient and economically viable 

technologies, able to meet increasingly demanding quality criteria for sustainable and safe 

urban water cycles and the use of treated wastewater as a reliable alternative water source, is 

presently of high priority in the policy agendas of European Union (EU) member states and 

many other countries around the world [1]. Therefore, the development of efficient technologies 

capable of degrading toxic, persistent and bio-recalcitrant organic pollutants commonly 

associated with negative impacts on conventional biological wastewater treatment processes, 

such as endocrine disrupting compounds, many types of pharmaceutical drugs including 

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

products, pesticides, surfactants and biocides, has received a great deal of attention from the 

scientific community, in particular the so called Advanced Oxidation Processes (AOP) [1].  

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

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

atmospheric pressure and low 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 wastewaters [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, together with the 

bibliometric analysis in Figure 1 and the expertise gathered by the authors in their studies on 

carbon-based catalysts for CWPO, prompted the preparation of this review on the synthesis of 
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nanostructured hybrid magnetic carbon materials for CWPO applications. The background, 

main developments, and mechanistic aspects of the CWPO process specially related with the 

application of carbon-based catalysts, are presented initially. Thereafter, the most significant 

results and conclusions reported in publications dealing with hybrid magnetic carbon catalysts 

for the degradation of organic pollutants by CWPO are thoroughly analysed and discussed. 

Since carbon materials present very specific features that may open prospects for the 

optimization of hybrid magnetic carbon materials for CWPO applications, the most significant 

results reported on the influence of carbon material properties on the efficiency of CWPO 

processes are also discussed in detail. In addition, all the pollutants used in the works reported 

in the literature on the application of carbon-based catalysts in CWPO processes are listed in 

Table 1. 

FIGURE 1 

TABLE 1 

2. Catalytic wet peroxide oxidation: background, motivations and mechanistic aspects 

2.1. The Fenton process 

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

the late XIX century, when the British researcher Henry John H. Fenton published his work on 

the oxidation of tartaric acid in the presence of iron salts [133]. In that work, 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 hydroxyl radicals (HO•) – generated from the reaction of 

H2O2 with the superoxide radical anion (O2
●–), the Haber-Weiss reaction [134] – were actually 

Commented [RR1]: Sugestões feitas pelo prof. Figueiredo 

assinaladas. Tenho algumas dúvidas sobre a correção da frase 

resultante.  
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the active species responsible for the oxidation of tartaric acid, and not H2O2 itself. According 

to these authors, the interaction between H2O2 and 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• radicals, as described by Eq. 1 [135]. 

H2O2 + Fe2+ ⇄ OH- + HO• + Fe3+ (1) 

The participation of Fe2+ as catalyst in the oxidation process was finally demonstrated in the 

1950s, in two works reported by Barb et al. [136, 137]. These authors proposed a two-step 

mechanism in which Fe2+ is regenerated from the Fe3+ formed in the reaction described by Eq. 

1: 

• 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; 

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

described by Eq. 3.  

H2O2 + HO• → HOO• + H2O (2) 

Fe3+ + HOO• → O2 + H+ + Fe2+ (3) 

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]. As recently reviewed, the rate constant of the 

reaction described in Eq. 1 is 55 M-1 s-1 , much lower when compared with the rate constants of 

the reactions described in Eq. 2 and 3, namely 3.30 × 107 M-1 s-1 and 7.82 × 105 M-1 s-1, 

respectively [138]. Therefore, although other reactions (such as non-efficient parasitic 

reactions) are involved in the Fenton process, the reaction described in Eq. 1 is expected to be 

the limiting step in the catalytic cycle. Nevertheless, some drawbacks leading to the increase of 
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operation costs are commonly associated with the Fenton process, such as the need for a 

complicated final chemical and physically-driven separation step for the recovery or 

elimination of the Fe2+/Fe3+ ions, often found in amounts exceeding the limits allowed by EU 

directives for treated waters (2 mg L-1). In addition, the Fenton process operates under pH 

values in the range 2.5-4.0 [139], 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. 

2.2. 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, 90, 138, 140-146]. Nevertheless, the advantages of using 

carbon materials as supports for the preparation of highly dispersed metal catalysts are widely 

recognized. Since the first review on the subject by Ehrburger in 1984 [147], the application of 

carbon materials as catalyst supports has been the subject of several other comprehensive 

reviews [148-154], reflecting the increasing interest of the scientific community on 

carbonaceous supports. 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, 

respectively; (iv) easy recovery of expensive metal phases by burning away the carbon support; 

and (v) structural stability at high temperatures [154-156]. In addition, carbon materials are 

usually cheaper than other conventional catalyst supports [154].  
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Carbon-supported metal catalysts are typically prepared by techniques similar to those used 

with other supports, the most widely used being impregnation [154, 155]. Nevertheless, several 

other methods have also been used for the preparation of carbon supported metal catalysts, such 

as precipitation or co-precipitation, liquid-phase reduction, chemical vapour deposition and 

physical vapour deposition [154]. 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 used in several works devoted to the 

catalytic oxidation of different compounds using H2O2 as oxidant [25, 40, 68, 83, 90, 119, 157], 

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

introduced to distinguish between the typical Fenton process and the processes involving 

heterogeneous supported catalysts or even other homogeneous catalysts, since other metals 

have also been found as active species for CWPO applications, provided that the metal presents 

two possible oxidation states (e.g., Mn+ and M(n+1)+, where M represents the metal symbol) 

[145]. Thus, the catalytic reactions described by Eqs. 1 and 3 can be replaced by more general 

reactions, as described by Eqs. 4 and 5. 

H2O2 + Mn+ ⇄ OH- + HO• + M(n+1)+ (4) 

M(n+1)+ + HOO• → O2 + H+ + Mn+ (5) 

Although the use of supported catalysts facilitates the final separation step, this alternative 

poses other difficulties, namely the loss of catalyst activity due to metal leaching. In this Section 

we will present some illustrative examples of this catalyst deactivation phenomenon that 

typically occurs during CWPO of organic pollutants in aqueous phase. For that purpose, 

supported catalysts based on carbon materials with very distinct properties are considered. The 
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description of the catalyst, the process operating conditions and the catalytic performance of 

each catalyst (pollutant removal and Fe leached to the treated waters) found in the following 

examples are summarized in Table 2. 

A carbon-supported Fe catalyst was prepared by Zazo et al. [90] and subsequently tested in 

the CWPO of phenol. The catalyst was prepared by incipient-wetness impregnation of a 

commercial activated carbon, as described in Table 2. As observed, complete removal of the 

initial phenol content was obtained in CWPO experiments performed during 4 h at 30 oC and 

pHsolution = 3. Nevertheless, a Fe leaching of 2.40 mg L-1 was determined at the end of the 

process. In addition, due to the Fe leaching, the authors concluded that this supported catalyst 

would undergo a significant loss of activity when subjected to continuous experiments [90].    

Two distinct carbon materials were used as supports in the work reported by Ramirez et al. 

[25], namely an activated carbon obtained by carbonization of olive stones and a carbon aerogel 

prepared from resorcinol and formaldehyde. The supported catalysts were prepared by 

incipient-wetness impregnation with a ferrous acetate solution. The Fe leaching in the CWPO 

of orange II at 30 oC and pHsolution = 3 was 0.87 mg L-1 and 0.97 mg L-1, with the activated 

carbon and the carbon aerogel support, respectively. The authors concluded that Fe leached 

from the support leads to a progressive deactivation in consecutive reaction cycles, which is an 

important limitation for their industrial application. 

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

CWPO applications. Rodríguez et al. [40] reported the use of supported Fe catalysts prepared 

by incipient-wetness impregnation of carbon nanotubes, carbon nanofibers and activated 

carbon. As observed in Table 2, the three catalysts lead to high removals of orange II in CWPO 

experiments, performed at 30 oC and pHsolution = 3. However, very high levels of Fe 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, 
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since the report of Lücking et al. in 1998 [91], 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 Sections. 

TABLE 2 

2.3. Carbon materials as catalysts on their own 

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

[158]. 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 the 

crystalline structure, microscopic physical structure, electronic properties and surface 

chemistry, as well as to the presence of impurities [158]. Since then, the use of carbon materials 

as catalysts on their own has been the subject of several works, in parallel with the development 

of new types of nanostructured carbon materials [155]. Comprehensive reviews on the subject 

with extensive detail may be found in the book published in 2009 by Serp and Figueiredo [154] 

and in the book published in 2015 by Serp and Machado [159].  

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 [30]. To the best of our 

knowledge, this work also reported 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. [30] compared the performances of distinct materials in the CWPO of 4-

chlorophenol, at pHsolution = 3, namely iron powder, iron supported on activated carbon, graphite 
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and three activated carbons of distinct origins (without any supported metal phase). As 

summarized in Table 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 contrary, both activated carbon and graphite were found to act as heterogeneous catalysts 

in the decomposition of H2O2 and in the oxidation of 4-chlorophenol [30]. 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) [30].  

TABLE 3 

The results reported by Lücking et al. [91] 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• is of major importance to 

the global process performance, this reaction was also the subject of specific research. In a 

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

carbon materials are used as catalysts [160], based on experimental results and on other findings 

reported in the literature [2, 161-172]. The proposed mechanism, given in Table 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. 6; 

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

decomposes to HOO• and H+, regenerating [AS], as described by Eq. 7; 
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• 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 [S] existing at the carbon surface, as described by Eq. 8; 

• 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. 10–12. Due to the low bimolecular 

reaction rate, Eqs. 11 and 12 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. 

9; 

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

water and some minor amounts of regenerated H2O2 (Eqs. 14–20); HOO• can also be 

decomposed by a first order process, as described by Eq. 13. 

Most of the reactions given in Table 4 are widely accepted in AOP [173, 174], in addition to 

the catalytic surface reactions described by Eqs. 6–8. 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) and 

of H2O2 itself (1.77 V) [175]. 

TABLE 4 

Since the report of Lücking et al. [91], very distinct materials such as activated carbons [6, 

7, 39, 46, 47, 72, 88, 129, 171, 176-178], graphite [61, 66, 81, 91, 122, 177], carbon nanotubes 

[59, 65, 83, 103], carbon blacks [66, 177], carbon aerogels [41], activated carbon xerogels [38], 

glycerol-based carbon materials [104], graphene-based materials [34, 62, 107] and others [81, 

111], have been reported as active and efficient catalysts for CWPO. The most significant 

findings will be discussed in detail in the following Section. 
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3. The influence of carbon material properties on the efficiency of catalytic wet peroxide 

oxidation processes 

Although carbon materials are known to be active in reactions typically catalysed by metals, 

the number of industrial applications in which carbon materials are used as catalysts on their 

own is still rather limited [155]. This fact may be partially explained by the relatively poor 

knowledge on the properties of these materials that influence their efficiency as catalysts [154]. 

In the particular case of CWPO, the development of suitable carbonaceous materials (without 

any supported metal) has been intensively explored in recent years [145]. Several efforts have 

been made in order to understand the effect of the carbon material properties on their catalytic 

performance. In this Chapter we will present some examples of how the efficiency of CWPO 

is influenced by distinct properties of the carbon materials, such as metal impurities, surface 

chemistry, textural and structural features and adsorptive interactions. During the development 

of a highly efficient and optimized carbon material for CWPO, all these features should be 

taken into account. 

3.1. Metal impurities 

The presence of metal impurities in the carbonaceous materials, mainly iron, typically 

resulting from their origin and synthesis procedures, is expected to increase their catalytic 

activity. It is thus natural that the ash content has been considered as one of the most important 

features of carbon materials affecting their activity in CWPO applications [81, 88, 176, 179].  

 In a work performed with carbon materials with very distinct structural, textural and surface 

chemical properties, Domínguez et al. [177] have concluded that the presence of metals in the 

ashes, in particular iron, is the most important factor regarding the catalytic activity observed 

for each catalyst. Specifically, two activated carbons (AC-M and AC-P), two carbon blacks 

(CB-C and CB-V) and two graphites (G-S and G-F) were tested in the catalytic decomposition 

of H2O2 at 80 oC and pHsolution = 3.5. As observed in Table 5, the catalytic activity follows the 
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order: AC-M > G-S > AC-P > CB-V > G-F > CB-C, which may be explained in terms of the 

specific surface area and Fe content of each carbon material. For instance, the lowest catalytic 

activity of CB-C is consistent with its lowest specific surface area and absence of Fe on its ashes 

(cf. Table 5). On the contrary, AC-M possesses the highest amount of ashes and the largest 

specific surface area. However, the second highest activity shown by G-S, with a very low 

specific surface area (12 m2 g-1) but a high Fe content (0.44 wt.%), led the authors to conclude 

about the prevalence of the Fe content effect over that of the specific surface area [177]. 

Nevertheless, it should be emphasized that higher H2O2 decomposition rates do not necessarily 

mean higher generation of highly reactive HO• and higher efficiency of pollutant removal by 

CWPO. In some cases, H2O2 can be decomposed to oxygen via parasitic reactions (cf. Table 

4), not resulting in the generation of effective HO• for CWPO. Therefore, in order to ascertain 

the exact mechanisms involved, it is necessary to determine the yield of HO• radicals formed 

during the catalytic decomposition of H2O2 or, better still, to evaluate the degradation of a 

model pollutant by CWPO in the presence of the catalysts considered. 

TABLE 5 

Our group also demonstrated the synergistic effect that can arise from the presence of very 

stable metal species in the composition of carbon materials, resulting as impurities from their 

synthesis procedure [103]. In that work, the catalytic activity of commercial carbon nanotubes 

(CNT, supplied by Arkema Inc., with contents of alumina and iron oxide under 7 wt.% and 5 

wt.%, respectively) was compared to the possible effect of homogeneous catalysis promoted by 

the amount of Fe leached during the CWPO of 2-nitrophenol (2-NP). For that purpose, the 

influence of the amount of Fe leached to the solution during the performed experiments (0.02 

mg L-1) was evaluated using Fe3+ as catalyst with the same concentration as in the 2-NP treated 

solution. This effect, together with pure adsorption and non-catalytic removals, is given in 

Figure 2a. As observed, the contributions of homogeneous Fe, pure adsorption and non-

catalytic removal are negligible, suggesting that CNT are active heterogeneous catalysts for 
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CWPO. Furthermore, as observed in Figure 2b, X-ray diffraction (XRD) analysis of the CNT 

before and after CWPO show that no significant distortion of CNT structure results from their 

use in the CWPO process. This suggests the presence of highly stable metal species in the 

composition of these CNT, mainly iron oxides, which may contribute to their high catalytic 

performance in the CWPO of 2-NP (cf. Figure 2a).   

FIGURE 2 

3.2. Surface chemistry 

The availability of active sites at the surface of carbon materials also plays a significant role 

on their performance as catalysts [180]. Indeed, the catalytic performance of carbon materials 

has long been linked to their surface chemistry [158, 181, 182]. Nevertheless, only recent 

advances on characterization techniques allowed to establish useful relationships between the 

catalytic performances and the presence of functional groups on the surface of carbon materials 

[180]. Important conclusions have been obtained by studying carbon materials with very similar 

structural and textural properties, but with different amounts of surface groups [180]. In general, 

carbon materials used in catalysis have a graphitic structure and a variety of surface functional 

groups is formed due to the presence of heteroatoms (such as O, N, H, Cl, S, among others) 

bonded to the edges of the graphene layers and defects in the carbon materials [180]. 

Several reviews on characterization techniques and functionalization methods have been 

published in recent years regarding carbon materials for catalytic applications [155, 156, 180, 

183-185]. Therefore, in this Section, we will limit our presentation to some illustrative examples 

of the influence of key surface chemical features of carbon materials on their performance in 

CWPO processes. 

3.2.1. Acidic oxygen-containing functionalities 

When a carbon catalyst is used in CWPO, HO• radicals are formed by decomposition of 

H2O2 with the participation of reducing active sites existing on its surface, as previously 
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described by Eq. 6. For this reaction to take place, an electron must be transferred from the 

active site to the H2O2 molecule. Acidic oxygen-containing functionalities present at the surface 

of a carbon material have an electron-withdrawing capacity [6, 154], therefore their presence is 

expected to limit the catalytic performance of these materials in CWPO processes. In addition, 

the number of available electron rich donating active sites is expected to decrease with the 

increase of acidic functionalities, since these functional groups are generated in the same active 

sites by capture of the available unpaired π electrons [154]. 

The work reported by Soria-Sánchez et al. [59] is an illustrative example of the negative 

effect of oxygen-containing surface groups on the catalytic performance of carbon materials in 

CWPO. Five commercial carbon materials were initially considered: multiwalled carbon 

nanotubes (CNTs-N), carbon nanofibers (CNFs), high surface area graphite (HSAG) and two 

activated carbons (AC and NORIT). All these carbon materials were further oxidized with nitric 

acid (using distinct procedures) and their activity in the CWPO of the organic dye C. I. reactive 

red 241 was compared to that of the pristine materials. The main results obtained in this 

comparative study are given in Figure 3, where the oxidized samples are denoted by the prefix 

“ox/”. As observed, the oxidized samples are less active than the pristine samples. This effect 

is particularly significant in the case of the CNTs, in which it is shown that the catalytic activity 

largely disappears upon the introduction of acidic oxygen-containing functionalities, as 

evidenced by pH point of zero charge (PZC) measurements, thermogravimetric analysis 

performed under He and surface/semi-quantitative (XPS) analysis  [59].  

FIGURE 3 

 The influence of oxygen-containing functionalities has also been studied by our group, 

using activated carbon xerogels as catalysts for the removal of two azo dyes by CWPO [38]. 

Three activated carbon xerogels were produced from the same organic resorcinol-formaldehyde 

xerogel (RFX), upon alkali activation with dry KOH, using successively increasing mass ratios 

of KOH/RFX (1:1, 2:1 and 4:1, resulting in the materials denoted as ACX-K1, ACX-K2 and 
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ACX-K4, respectively), followed by pyrolysis at 700 oC. The result was a set of activated 

carbon xerogels with very similar structure and porous texture, but with distinct surface 

chemical features, as determined by slurry pH measurements, elemental analysis and by Fourier 

transform infrared spectroscopy (FTIR). The sequence of the catalytic activity of these activated 

carbon xerogels is the opposite of their oxygen content. This relationship is clearly visible when 

the pollutant removals (in the circumstance the dye Chromotrope 2R, C2R) obtained by CWPO 

are plotted against the oxygen content of the catalysts (Figure 4), especially at T = 30 oC, where 

a linear correlation is suggested. 

FIGURE 4 

3.2.2. Basic active sites 

As recognized in recent comprehensive reviews, the basicity of carbon materials is mainly 

governed by the presence of some oxygen-containing functionalities (e.g., chromene, pyrone, 

and quinones) [186-188] and by non-heteroatomic Lewis base sites, characterized by regions 

of π-electron density on the carbon basal planes [187, 189, 190]. It should be noted, however, 

that the extent of contribution of these functionalities and Lewis base sites to the overall basicity 

of carbon materials has not yet been fully defined [154, 191]. 

Contrarily to the acidic oxygen-containing functionalities, basic groups are electron donating 

species (i.e., reducing species), which is a necessary condition to promote the decomposition 

of H2O2 to HO•, through the reaction described by Eq. 6 (cf. Table 4). Therefore, basic 

functionalities are widely recognized as active sites for the catalytic decomposition of H2O2 

during CWPO processes [6, 7, 91, 160, 166, 171]. Among these, the presence of basic nitrogen-

containing groups has been related with increased rates of H2O2 decomposition [178, 179].  

The positive effect of basic groups on the catalytic performance of carbon materials in 

CWPO processes was well illustrated by Santos et al. [6]. In this work, three carbon materials 

were tested in the CWPO of dye solutions, namely a commercial activated carbon (AC0) and 
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two additional materials obtained from it by different functionalization treatments: liquid phase 

oxidation with nitric acid (ACa) and thermal treatment at 700 oC in H2 atmosphere (ACb). In 

this way, samples with different surface chemistry were produced (as shown by PZC 

measurements, temperature-programmed desorption (TPD) analysis and determination of 

acidic/basic active sites by a titration method) while maintaining the original textural properties 

as much as possible [6]. The adsorption and CWPO removals of CI reactive red 241 obtained 

with these three catalysts are shown in Figure 5. As observed, dye removal decreases when the 

oxidized sample (ACa) is used in CWPO, in comparison to the pristine sample (AC0). This 

observation is in agreement with the negative effect of acidic oxygen-containing functionalities 

addressed in the previous Section. In contrast, the efficiency of the CWPO process increases 

when the sample subjected to thermal reduction (ACb) is used as catalyst. This effect was 

ascribed to the increased amount of free electrons on the graphene basal planes of activated 

carbon (corresponding to Lewis basicity) [6]. 

FIGURE 5 

Further insights on the influence of basic active sites at the surface of carbon materials have 

also been given by our group, in another work carried out with the objective of quantifying the 

HO• radicals formed during the catalytic H2O2 decomposition process [160]. Three activated 

carbons with different chemical properties were tested, as characterized by PZC measurements, 

TPD analysis and determination of acidic/basic active sites determination by a titration method. 

In order to maintain, as much as possible, similar structural properties between the catalysts, 

two samples were prepared from the same commercial activated carbon (AC), one by liquid 

phase oxidation of AC with sulphuric acid (ACS), and the other (ACNUT) by a series of 

successive treatments: liquid phase oxidation of AC with nitric acid, followed by hydrothermal 

treatment with urea at 200 oC and thermal treatment at 800 oC under N2 atmosphere. When the 

yield of HO• formed during the H2O2 decomposition process (YHO•) is plotted against the 
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amount of basic active sites at the surface of the carbon materials used in this work (cf. Figure 

6), a linear relationship is suggested [160]. This further highlights the positive effect of basic 

groups on the CWPO processes. 

FIGURE 6 

3.2.3. Sulphur-containing functionalities 

The presence of sulphur-containing functionalities at the surface of carbon materials has also 

been related with enhanced performances of the CWPO process in the work of Gomes et al. 

[46], in which four different activated carbon samples with varying surface chemistry and 

increased acidic character were used in the CWPO of  C2R. The materials were prepared by 

liquid phase treatments of a commercial sample (AC), namely with H2O2 (ACHP), sulphuric 

acid (ACSA) and nitric acid (ACNA). The results obtained in pure adsorption and in CWPO 

runs are shown in Figures 7a and b. As expected, in general, the catalytic performance of the 

catalysts was found to be inversely proportional to their acidic character (cf. Figure 7b). 

Nevertheless, the removal of  C2R obtained with the ACSA sample falls out of this correlation 

[46]. This was explained in terms of the introduction of sulphur-containing groups on the carbon 

surface: on one hand, the hydrophilic character of sulphur-containing functionalities enables a 

more intimate contact between the aqueous solution and the surface of ACSA, increasing the 

adsorption of  C2R and H2O2 molecules – essential steps for further reaction of the pollutant 

molecules with HO• formed at the catalyst surface from the decomposition of H2O2; on the other 

hand, increased rates of HO• formation in the vicinity of the pollutant were ascribed to the 

presence of thiol groups on the surface of ACSA – which, as described in Eq. 21, may react 

with H2O2 with formation of HO• [46]. Although based on the different pollutant removals 

obtained, the enhanced production of HO• claimed by the authors was not sustained by any 

direct or indirect measurement – a question that should be addressed in future works proposing 

new mechanisms for the catalytic decomposition of H2O2.   
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 H2O2 + SH ⇄ OH- + HO• + SH+ (21) 

FIGURE 7 

Gomes et al. [47] have further explored the influence of sulphur-containing functionalities, 

leading to additional insights on the reaction mechanisms involved in CWPO using activated 

carbons treated with sulphuric acid. The influence of sulphur-containing functionalities on the 

catalytic decomposition of H2O2 was also recently addressed by our group [160]. Five samples 

were prepared from the same commercial activated carbon (AC) and then used as catalysts for 

the decomposition of H2O2: the first sample resulted from the liquid phase oxidation of AC with 

sulphuric acid (ACS), while the others were prepared by a series of successive treatments, 

namely liquid phase oxidation of AC with nitric acid (ACN), followed by hydrothermal 

treatment of ACN with urea at 200 oC (ACNU) and a final thermal treatment of ACNU at 800 

oC under N2 atmosphere (ACNUT). When the apparent H2O2 global decomposition rate 

constant (kd) is plotted against the amount of acidic active sites of the catalysts (cf. Figure 8), 

the deviant behaviour of ACS becomes evident. This was ascribed to the role of sulphur-

containing groups in the catalytic decomposition of H2O2, as previously discussed. In addition, 

it was remarked that the acidic functionalities present at carbon surfaces cannot be analysed 

only in terms of quantity, but also by their quality [160]; while acidic oxygen-containing 

functional groups are known to influence negatively the CWPO process, the presence of acidic 

sulphur-containing functionalities were found to have a positive effect. 

FIGURE 8 

3.3. Textural and structural features 

Any carbon material suitable for catalysis must present adequate textural properties, in order 

to guarantee that diffusion limitations and deactivation phenomena are minimized [155, 192]. 

Nowadays, it is recognized that the activity of a catalyst is mainly determined by the nature, 

concentration and accessibility of its active sites, and only under particular conditions this is 
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proportional to the specific surface area [180]. Nevertheless, linear correlations are obtained in 

several cases, especially when catalysts with different specific surface area are prepared from 

the same precursor material (thus ensuring that the intrinsic site activity is the same for each 

catalyst) [180]. Indeed, it has been shown in several works that textural and structural properties 

of carbon materials should also be taken into account when developing catalysts for application 

in CWPO processes, in addition to their metal impurities and surface chemical features [91, 

104, 107, 166, 171, 177]. Some illustrative examples of these correlations will be given in this 

Section.    

3.3.1. Surface area and porosity 

Most heterogeneous catalysts are porous solids [192], their texture being mainly determined 

by the preparation method [192-195]. Since the catalytic reaction occurs (or is initiated) on the 

surface of the catalyst, its area is expected to strongly affect the catalytic activity [192]. In 

addition, the reactants must diffuse through the porous system in order to reach the active sites 

and then, after reaction, the products have to leave the catalyst [192]. Therefore, the textural 

and morphological parameters of carbon materials should also be taken into account to fully 

understand their performance in CWPO. Indeed, the surface available and the extent of porosity 

are expected to play an important role in the case of catalytic H2O2 decomposition [166]. For 

instance, the catalytic active sites will be widely distributed on carbons with a relatively high 

specific surface area, in such a way that H2O2 decomposition is enhanced, whereas inhibiting 

phenomena may prevail on densely distributed active sites [166]. In this context, 2D graphene-

based materials can be a promising alternative to porous carbon materials, since their highly 

accessible specific surface area is expected to provide a perfect environment for higher turnover 

rates [196]. Nevertheless, in order to discriminate the effect of textural and morphological 

parameters of carbon materials on their catalytic performance, it must be ensured that the 
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intrinsic activity of the surface of each catalyst is the same, which is a complex process that 

only occurs under very particular conditions [180].   

Lücking et al. [91] (refer to Section 2.3 for details) highlighted the granular structure and 

high specific surface area of activated carbons as advantages of these materials when used as 

CWPO catalysts in fixed bed reactors, their long-term stability being confirmed by continuous 

experiments. 

Domínguez et al. [177] (refer to Section 3.1 for details) have concluded that the most 

important factor determining the catalytic activity of a wide range of carbon materials is their 

content in metals, followed by their specific surface area. 

The interplay between chemical and textural properties has also been addressed by our group 

in a work dealing with the application of carbon materials produced from glycerol (GBCM – 

glycerol-based carbon materials) in the CWPO of 2-NP [104]. GBCM was prepared by partial 

carbonization of glycerol, followed by calcination under N2 atmosphere at 800 oC for 4 h. 

GBCM was further activated under oxidative atmosphere (air) during 60 min at different 

temperatures, in the range 150-350 oC, in order to produce several other materials, labelled as 

GBCM followed by a subscript number corresponding to the activation temperature in oC (i.e., 

GBCM150, GBCM200, GBCM300 and GBCM350). As observed in Figure 9, the best catalytic 

performance is obtained with GBCM300 (although the global pollutant removal with GBCM350 

is higher than that observed with GBCM300, this removal was mainly attributed to adsorption 

on the surface of the material). 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 
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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). Therefore, a balance between the 

textural and chemical properties is crucial in the synthesis of highly active catalysts for CWPO 

[104]. 

FIGURE 9 

3.3.2. Structural defects 

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 [154, 197]. The latter are usually considered 

more electrochemically active than the former, due to the presence of higher amounts of 

delocalized unpaired π electrons [154, 197]. 

Structural defects may have been traditionally seen as imperfections in materials that could 

significantly decrease their performance [198]. However, at the nanoscale, defects can be 

extremely useful since they may be exploited to generate novel materials and applications [198]. 

In the particular case of CWPO, the presence of defects in the structure of carbon materials has 

also been addressed and related with increased process efficiency, both when macroscale [171] 

and nanoscale carbon materials [107] are used as catalysts.      

The influence of the structural characteristics of activated carbons on their efficiency in the 

catalytic decomposition of H2O2 was first reported by Rey et al. [171], in a work studying three 

different activated carbons (CM, CN and CC) before and after different modifications 

(hydrochloric acid lixiviation, oxidation with nitric acid and heat treatment under N2 

atmosphere). Based on screening results performed with the pristine and with the modified 

activated carbons, the authors have concluded that oxygen-containing surface groups partially 

explained the results obtained, but some other important feature should also be playing a 
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significant role [171]. Bearing this in mind, the authors further explored the carbon materials 

treated with N2, where most of the oxygen-containing functionalities had been removed. An 

astonishing breakthrough was made when the apparent global H2O2 decomposition rate 

constant (kd) was plotted against parameters related with the structural ordering of the activated 

carbons, obtained by Raman, temperature-programmed oxidation (TPO) and x-ray 

photoelectron spectroscopy (XPS) parameters related with the structural ordering of the 

activated carbons. As observed in Figure 10, higher kd values were found for the most 

disordered activated carbons. This effect was ascribed to the increased surface density of 

electron-rich regions, which could act as active sites for the decomposition of H2O2 according 

to an electron-transfer mechanism [171]. In addition, the authors have concluded that micropore 

entrances could also be regions with more sites of this type [171]. 

FIGURE 10 

Similar results were found in a very recent work performed in our group, dealing with the 

synthesis and application of graphene-based materials in the CWPO of 4-nitrophenol solutions 

with relatively high concentration (5 g L-1) [107]. Graphene-based materials were reported as 

active and stable catalysts for CWPO processes for the first time and the amount of defects in 

the structure of reduced graphene oxides (inferred through Raman spectroscopy) was related 

with 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• [107], as depicted in Figure 11.  

FIGURE 11 
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3.4. Adsorptive interactions 

The adsorption of organic molecules on carbon materials depends on the adsorbent texture 

(surface area and pore size), surface chemistry (functional groups) and ash content [193, 199, 

200], and on the adsorbate (molecular weight, polarity, pKa, molecular size and functional 

groups) and solution properties (pH, adsorbate concentration and the presence of other possible 

adsorbates) [200-203]. Two distinct types of interactions may occur between the adsorbate and 

the adsorbent [200, 204, 205]: (i) electrostatic interactions, when the adsorbate is dissociated 

under the experimental conditions used, and (ii) dispersive interactions, with the π-π dispersion 

interaction mechanism being the most widely accepted [204-206]. Usually, dispersive 

interactions are predominant when the pollutant is in the molecular form, while electrostatic 

interactions are more significant when the pollutant is ionized (normally when the solution pH 

is very high or very low) [200, 207].  Therefore, the surface chemistry and the solution pH may 

be considered the most important factors controlling the adsorption process [208]. In the 

particular case of CWPO, competition phenomena between H2O2 and pollutant molecules for 

reaction with HO• has been reported by several authors [7, 41, 47, 61]. Recent findings lead to 

conclude that the efficiency of the CWPO process increases with increasing pollutant 

concentration adsorbed nearby the sites were HO• are generated, since in this way non-efficient 

parasitic reactions between H2O2 and HO• are inhibited [72, 104, 107].  

Domínguez et al. [72] explained the inhibition of parasitic scavenging reactions on the 

surface of carbon catalysts based on the assumption that a significant coverage of the carbon 

surface by the pollutant molecules should decrease the rate of HO• formation from H2O2 

decomposition and, at the same time, that would make the pollutant more easily available for 

reaction with HO•. Bearing this in mind, the authors anticipated that the selectivity towards 

pollutant oxidation and mineralization would be enhanced, in detriment of the scavenging 

reactions [72]. The demonstration was done by carrying out CWPO experiments with phenol 

at a relatively high concentration (5 g L-1) and a pollutant/catalyst mass ratio of 2. Two 
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commercial activated carbons (AC-M and AC-P) were used as catalysts and unprecedented 

H2O2 consumption efficiencies close to 100% were achieved, as concluded when total organic 

carbon (TOC) removals were plotted against H2O2 decomposition (cf. Figure 12). As observed, 

100% H2O2 consumption efficiency (XTOC = XH2O2) is maintained in the case of AC-M up to 

H2O2 decomposition around 65%, corresponding to 24 h of reaction [72].  

FIGURE 12 

We have reached similar conclusions in the work carried out with graphene-based materials 

(described in Section 3.3.2) [107]. As previously discussed, H2O2 decomposition increases with 

higher amounts of structural defects. However, this does not necessarily lead to higher 

efficiency of the CWPO processes. In a comparison performed with three reduced graphene 

oxide (rGO) samples (rGOG, rGOH and rGOV, obtained by reduction of graphene oxide with 

glucose, hydrazine and vitamin C, respectively), it has been observed that the efficiency of 

H2O2 consumption, measured in terms of total organic carbon (TOC) removal per amount of 

H2O2 decomposed (ɳH2O2
), follows the same sequence as 4-nitrophenol adsorption on the 

surface of the rGO samples (cf. Figure 13), instead of the H2O2 decomposition sequence. The 

authors concluded that the balance between a more controlled catalytic decomposition of H2O2, 

together with higher pollutant concentration nearby the formed HO•, leads to the highest 

efficiency of the CWPO process [107]. In addition, these observations suggest that ɳH2O2
 is 

favoured by higher pollutant concentrations at the surface of the catalysts, which was ascribed 

to a more efficient use of the HO• formed near to the adsorbed molecules [107]. 

FIGURE 13 

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 

in comparison with metal-based catalysts [39, 41, 81, 83, 129, 170]. At the same time, carbon 

materials with metals within their structure, arising from synthesis precursors and procedures, 
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have been shown to be active and stable catalysts in CWPO, revealing low leaching levels [65, 

91, 103, 122]. Other authors have also suggested the preparation of carbon materials with iron 

within the carbonaceous structure, as suitable catalysts for CWPO with limited Fe leaching 

[25]. 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 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 assessing catalyst 

stability simultaneously. 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. This trend (cf. Figure 1) is suggested by the increasing 

number of publications regarding the use of hybrid magnetic carbon nanocomposites in CWPO 

processes: 1 work in 2011 [123], 4 works in 2012 and 2013 [22, 37, 54, 124] and 9 works in 

2014 [14, 15, 29-31, 52, 94, 101, 109]. In 2015, 8 works have been published up to the end of 

November [9, 10, 12, 13, 27, 93, 99, 127]. 

4. Application of nanostructured hybrid magnetic carbon materials in the catalytic wet 

peroxide oxidation of organic pollutants 

Hybrid magnetic carbon materials 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 [209]. As shown in Figure 14, 

two general classes of these hybrid materials are usually considered: (i) carbon encapsulated 

magnetic nanoparticles, which are core-shell structures with a carbonaceous shell and a core 

made of magnetic materials, and (ii) carbon nanostructures decorated with magnetic 
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nanoparticles, in which the magnetic material is embedded or linked to the carbon structure, 

without being protected against the environment by a carbonaceous shell [209].  

FIGURE 14 

Several techniques for the synthesis of carbon-based nanostructured composites containing 

magnetic nanomaterials have been explored and improved in recent years [209, 210], as 

described in a recent review [210] and summarized in Figure 15. 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. Thus, the works dealing with the application of hybrid magnetic carbon 

materials in CWPO are thoroughly reviewed in the following Sections. 

FIGURE 15 

4.1. Carbon nanostructures decorated with magnetic nanoparticles  

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

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

applications. Since these hybrid materials can exhibit very distinct textural, structural and 

surface chemical properties, the literature review performed in this Section is organized 

according to the carbon material used in the synthesis of the nanostructured composites.  

4.1.1. Multiwalled carbon nanotubes 

The possible synergistic effects that have been claimed regarding the application of hybrid 

magnetic carbon materials in CWPO were evidenced in the work performed by Hu et al. in 

2011 [123], which, to the best of our knowledge, first reported the application of this kind of 
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nanostructured composites in CWPO processes. The high catalytic activity of magnetite 

(Fe3O4) for the CWPO of 17α-methyltestosterone was increased when this magnetic material 

was grown on multiwalled carbon nanotubes (MWCNT), resulting in the material named 

Fe3O4/MWCNT, as detailed in Table 6. The performance of Fe3O4/MWCNT at 20 oC and 

pHsolution = 5 (85.9% pollutant removal) was enhanced when compared to the sum of the 

removals obtained with Fe3O4 (62.0%) and MWCNT (11.0%) on their own (+12.9%, cf. Figure 

16 and Table 6), and it was ascribed to the enrichment of pollutant molecules in the vicinity of 

the active sites due to adsorptive interactions on the surface of the carbon material [123], which 

is in line with the findings reported in Section 3.4. The authors claimed that the organic 

molecules are first adsorbed on the surface of the catalyst and then attacked by HO•, while the 

Fe species are regenerated directly on the catalyst without significant diffusion into the solution 

[123]. As also observed in Figure 16, the decomposition of H2O2 is lower when applying the 

Fe3O4/MWCNT catalyst, suggesting that the efficiency of H2O2 consumption is also increased 

when compared to that obtained with Fe3O4. In addition, the participation of Fe3O4 at the surface 

of the hybrid material in the CWPO process was proven by the authors, since Fe2+ in the 

outermost layer was partially oxidized to Fe3+ during the reaction, as corroborated by XPS 

analysis of the Fe3O4/MWCNT catalyst before and after the CWPO process. Specifically, Fe3+ 

and Fe2+ contribute with 68.3 wt.% and 31.7 wt.% of the total Fe atoms (corresponding to the 

Fe3O4 crystal structure) on the surface of the fresh catalyst, respectively, whereas the 

contribution of Fe2+ decreased to 13.3 wt.% in the catalyst after reaction [123]. Finally, the 

authors concluded that the novel hybrid magnetic carbon catalyst would be of potential 

application in CWPO due to its good structural stability, low iron leaching, simple separation, 

stable catalytic activity in consecutive reuse experiments (the pollutant degradation slightly 

decreases from 85.9%, in the first use, to 79.4%, in the seventh use) while regeneration is not 

needed [123]. The degradation mechanism of 17α-methyltestosterone by CWPO was further 

investigated by Hu et al. [124] in a work performed under the same operating conditions 
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described in the legend of Figure 16. At this time, the authors performed a kinetic study that 

suggested the intrinsic reactions on the oxide surface (including sorption and oxidation) as the 

rate-limiting step for the degradation process, rather than the rate of diffusion of the solutes to 

the surface [124]. 

FIGURE 16 

In 2012, Variava et al. [54] reported a work in which Fe nanoparticles were also grown in 

MWCNT, but this time using a microwave-assisted polyol method, resulting in the composite 

named FexOy-MWCNT, as described in Table 6. This composite was able to catalyse the 

degradation of orange G by CWPO without the need to acidify the reaction mixture, being 

effective at neutral pH. Therefore, the authors have concluded that FexOy-MWCNT is a 

promising catalyst for CWPO, since the treated waters do not require either a process to remove 

dissolved Fe species, or the neutralization of highly acidic solutions, which, as discussed in 

Section 2.1, are typical drawbacks of the Fenton process [54]. Although residual dye and 

degradation by-products are adsorbed on the surface of the catalyst, leading to partial 

deactivation, a simple and basic regeneration procedure allows the catalyst to be consecutively 

reused with some decrease on the efficiency of orange G elimination by CWPO (from 98% in 

the first use, to 73% in the fifth consecutive reuse) [54].  

A wider tolerance to the solution pH has been observed in the work of Wang et al. [15], in 

which a Fe3O4-MWCNT magnetic nanocomposite, prepared as described in Table 6, was used 

in the CWPO of methylene blue under different operating conditions. As shown in Figure 17, 

methylene blue can be efficiently removed in the pH range 1.0-10.0, with efficiencies in the 

range 88.1-98.7%, after 2 h of reaction; therefore, the authors concluded that this wide range of 

working pH is very attractive for the treatment of real wastewaters [15]. Nevertheless, Fe levels 

above 2 mg L-1 were leached into the treated waters when the initial solution pH was lower than 

2 [15].  

FIGURE 17 
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Fe3O4-MWCNT hybrid composites were first reported as superparamagnetic materials in a 

work performed by Deng et al. [37], in which distinct samples of Fe3O4-MWCNT were 

prepared by solvothermal synthesis at different temperatures, as described in Table 6. The 

magnetization measurements given in Figure 18 show the high magnetic sensitivity of the 

Fe3O4-MWCNT samples produced at different temperatures. The superparamagnetism of these 

nanostructured composites was attributed to the measured coercivity and remnant 

magnetization values close to zero [37].  

FIGURE 18 

The results obtained by these authors also show that pure Fe3O4 nanoparticles present a 

narrow size distribution and a uniform distribution over the MWCNT surface, as can be 

observed in the micrograph (Figure 19a) obtained by transmission electron microscopy (TEM) 

of the Fe3O4-MWCNT sample prepared at 260 oC (here shown as an illustrative example of a 

carbon nanostructure decorated with magnetic nanoparticles) and in the histogram of size 

distribution over the MWCNT surface (Figure 19b). That same Fe3O4-MWCNT sample was 

used in the CWPO of orange II with pHsolution = 3.5. As observed in Table 6, the Fe3O4-MWCNT 

catalyst displays a significantly enhanced catalytic activity when compared to that of powdered 

Fe3O4 and nanometric Fe3O4. This increased catalytic performance was ascribed to the 

homogeneous dispersion of the Fe3O4 nanoparticles, which increases the active sites available 

for H2O2 decomposition [37].  

FIGURE 19 

The same conclusion was obtained by L. Zhou et al. [109] using a Fe3O4/MWCNT hybrid 

material synthesised by a solvothermal method in the CWPO of tetrabromobisphenol A at 30 

oC and pHsolution = 5 (cf. Table 6). In addition, the stability of the Fe3O4/MWCNT catalyst was 

thoroughly assessed against that of Fe3O4, through 10 consecutive reutilization experiments. As 

observed in Figure 20a, the amount of tetrabromobisphenol A remaining at the end of the 10th 

cycle is 6.8%, corresponding to a pollutant removal of 93.2%. When this value is compared to 
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that observed in the 1st use of the Fe3O4/MWCNT catalyst (95.1%, cf. Table 6) only a decrease 

of 1.9% is observed during the 10 cycles considered, confirming the excellent stability of the 

catalyst for CWPO [109]. In addition, the saturation magnetization of the Fe3O4/MWCNT 

catalyst after the 10th cycle is 16.9 emu g-1 (cf. Figure 20b), which represents only a decrease 

of 1.1% from its original value; on the contrary, the saturation magnetization of Fe3O4 decreases 

15.8% in the same process [109]. This effect was also observed by XPS analysis of 

Fe3O4/MWCNT and Fe3O4, as synthesised and after the 10th CWPO cycle (cf. Figure 20c-f). 

Figures 20c and d, show that no significant changes occur after 10 consecutive reuses of the 

Fe3O4/MWCNT catalyst in the CWPO of tetrabromobisphenol A. For instance, peak areas 

indicate that 32.4% of the total iron content on the surface of the Fe3O4/MWCNT catalyst is in 

the Fe2+ state, a value that decreases to 30.0% after the 10th CWPO cycle; on the contrary, the 

surface concentration of Fe2+ decreases from 32.7% down to 27.8% when Fe3O4 is used in 10 

CWPO cycles. Thus, the authors concluded that the reduction of Fe3+ in the CWPO process is 

more efficient when MWCNT are combined with Fe3O4, which is beneficial for the 

regeneration of the active sites [109].   

 FIGURE 20 

Knowing whether the toxicity of the by-products formed during CWPO is lower or higher 

than that of the parent compounds is a crucial issue to evaluate if the risk for human and 

environmental health actually decreases/increases with the degradation of the initial pollutants. 

In the particular case of CWPO processes using hybrid magnetic carbon catalysts, this question 

was first addressed by Cleveland et al., [101] in a work dealing with the use of Fe3O4 attached 

to multiwalled carbon nanotubes (Fe3O4/MWCNT, as described in Table 6) for the elimination 

of aqueous bisphenol A – an endocrine disrupting agent. Biotoxicity tests performed with the 

treated waters revealed minimal inhibition of E. coli due the presence of by-products resulting 

from the CWPO of bisphenol A performed at 50 oC and pHsolution = 3, whereas significant 

biotoxicity effects were initially observed for bisphenol A aqueous solutions (inhibition in the 
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range 54-100%, depending on the pollutant concentration). In the light of these results, the 

authors concluded that the CWPO of bisphenol A is compatible with further biological 

treatments [101].   

TABLE 6 

4.1.2. Graphene-based materials 

The participation of HO• formed during the catalytic decomposition of H2O2 at the surface 

of nanostructured hybrid magnetic carbon materials in CWPO processes was first evidenced in 

a work performed by Liu et al. [22], in which a magnetically separable nanocomposite catalyst 

was used in the CWPO of methylene blue at 25 oC and neutral pH. Fe3O4 nanoparticles were 

embedded in the graphene oxide (GO) structure by a co-precipitation method, followed by 

reduction with hydrazine, resulting in the Fe3O4/rGO hybrid composite, as described in Table 

7. CWPO experiments performed with this material in the presence and absence of tert-butanol 

– a strong HO• scavenger [211], have shown that the degradation of methylene blue is greatly 

suppressed with the addition of tert-butanol before the reaction, putting into evidence the role 

of HO• in the CWPO process. Specifically, the degradation of methylene blue obtained after 2 

h of reaction drops from 98.6% down to 57.0%, upon addition of tert-butanol [22]. Taking these 

results into consideration, the authors proposed a possible mechanism for the elimination of 

methylene blue by CWPO in the presence of Fe3O4/rGO, as shown in Figure 21. Briefly, the 

HO• radicals formed by the catalytic decomposition of H2O2 at the surface of Fe3O4 

nanoparticles are responsible for the degradation of methylene blue molecules adsorbed at the 

surface of the Fe3O4/rGO composite; with the degradation of methylene blue, the adsorption 

equilibrium changes and more pollutant molecules are transferred from the solution to the 

surface of Fe3O4/rGO, resulting in a cyclic process [22]. 

Liu et al. [22] have also compared the performance of the Fe3O4/rGO catalyst in the CWPO 

of methylene blue to that of Fe3O4 and rGO. As referred above, the degradation of methylene 
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blue is up to 98.6% when the Fe3O4/rGO catalyst is used, while removals of only 17.7% and 

24.5% (cf. Table 7) are obtained when using Fe3O4 and rGO, respectively; therefore, the 

pollutant removal obtained with the Fe3O4/rGO catalyst (98.6%) is far superior to that of the 

sum of the individual contributions (i.e., 42.2%), which, once again, puts into evidence the 

synergistic effect that arises from the combination of Fe3O4 with carbon-based materials, this 

time by using the Fe3O4/rGO hybrid material. 

FIGURE 21 

Fe3O4 magnetic nanoparticles decorated with graphene oxide (GO-Fe3O4) were also reported 

as active catalysts in a work performed by Chang et al. [52], in which a GO-Fe3O4 composite 

was prepared by co-precipitation of iron salts onto GO sheets, as described in Table 7. Once 

synthesized, the performance of the GO-Fe3O4 catalyst in the CWPO of rhodamine B was 

evaluated at 25 oC and neutral pH, against that of Fe3O4. As observed in Table 7, the degradation 

rate of rhodamine B is higher when using the GO-Fe3O4 catalyst, leading to the conclusion that 

the presence of GO makes a significant contribution to the degradation of rhodamine B.  

The influence of GO loading in the structural and functional features of a GO-Fe3O4 

nanocomposite prepared by a similar procedure (cf. Table 7) was thoroughly addressed in the 

work of Zubir et al. [29]. Based on detailed characterization of a set of GO-Fe3O4 materials 

synthesized with GO loadings in the range 5-25 wt.%, these authors proposed the formation of 

two very different nanocomposite structures, depending on the GO load. As shown in Figure 

22, GO loadings below 10 wt.% lead to the formation of structure I, while GO loadings above 

10 wt.% lead to the formation of structure II. The formation of the proposed structures was 

ascribed to the dispersion effect of GO, as previously reported for GO and nanowires [212], or 

GO and polystyrene [213]. Structure I is obtained when the Fe3O4 nanoparticles are intercalated 

between the GO sheets; in this case, hydroxylated Fe complexes are able to homogeneously 

anchor onto both the surfaces and edges of exfoliated GO sheets through oxygen-containing 

functional groups, while further condensation of complexes leads to the formation of nuclei and 
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growth of Fe3O4 crystallites onto GO sheets [29]. On the other hand, structure II is formed when 

the deposition of Fe3O4 nanoparticles occurs mainly onto the external surface of the GO sheets, 

due to the previous stacking of the GO sheets; in this case, the anticipated GO stacking was 

ascribed to the reduction of the degree of exfoliation as the concentration of GO increases, since 

high GO loadings may induce a dominant effect of GO stacking due to π-π interactions around 

the carbon basal plane of GO sheets [29].  

FIGURE 22 

The GO-Fe3O4 nanocomposites synthesized by Zubir et al. [29] were tested in the CWPO of 

orange II at 25 oC and pHsolution = 3. The main results are shown in Figure 23. As observed, the 

performance of the nanocomposites gradually decreases with increasing GO loading, the 

highest catalytic activity being obtained with a GO loading of 5 wt.%. In this case, the 

synergistic effect arising from the combination of Fe3O4 with carbon-based materials is once 

again demonstrated: the degradation of orange II is up to 88.6% when using the GO-Fe3O4 

catalyst, while removals of 70.5% and 12.5% are obtained when using Fe3O4 and GO, 

respectively (as shown in Figure 23 and Table 7). The authors claimed four significant 

contributions to this synergistic effect: (i) high surface area of exfoliated GO sheets promotes 

high dispersion of the Fe3O4 nanoparticles (cf. Figure 22, structure I); (ii) GO favours orange 

II adsorption, which provides higher pollutant concentration near to the active sites; (iii) GO 

presents delocalized unpaired π electrons and electron transfer features that facilitate the  

transfer of electrons between GO and the Fe3O4 nanoparticles, which is beneficial for the 

regeneration of active sites; and (iv) partial reduction of GO sheets, which further increases 

electron transfer and the regeneration of the active sites [29].  

FIGURE 23 

 GO-Fe3O4 nanocomposites with GO loadings below 5 wt.% were also explored by Zubir et 

al. in a different work [31]; however, as can be seen in Table 7, this approach did not allow the 

synthesis of hybrid magnetic catalysts with improved performances for the CWPO of orange 
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II. In another work of these authors [30], the kinetics of orange II CWPO were studied 

considering the optimized GO-Fe3O4 catalyst at the optimum operating conditions, using the 

data reported in their first work mentioned in this review (i.e., Zubir et al., 2014 [29]). They 

concluded that the CWPO of orange II is well described by pseudo-first-order kinetics 

according to the Langmuir-Hinshelwood mechanism, with the process being dominated by the 

rate of the chemical reactions rather than the rate of mass transfer. In addition, the 

characterization of the GO-Fe3O4 catalyst recovered at the end of the CWPO process revealed 

that the Fe3O4 phase was similar to that of the pristine catalyst, although some minor changes 

in the specific surface area and pore volume were observed [30].  

Zero valent iron has also been assembled on a Fe3O4-rGO magnetic composite by in situ 

reduction of Fe2+ in a work recently reported by Yang et al. [12], resulting in the material named 

Fe0-Fe3O4-rGO, as detailed in Table 7. Large Fe0 spheres were wrapped by the Fe3O4 

nanoparticles anchored on reduced graphene oxide sheets, as shown in Figures 24c1 and c2. 

Based on the results obtained in CWPO experiments performed using methylene blue as model 

pollutant and Fe0-Fe3O4-rGO, Fe3O4-rGO, Fe3O4 and Fe0, as catalysts (cf. Table 7), the authors 

concluded that, besides the properties of graphene sheets as good supports and electron 

conductors, Fe0 can act as source of electrons to promote a faster regeneration of the active sites 

[12]. Taking this into consideration, the authors proposed a mechanism for the CWPO of 

methylene blue with the Fe0-Fe3O4-rGO catalyst, as illustrated in Figure 25.   

FIGURE 24 

FIGURE 25 

TABLE 7 

4.1.3. Other carbon materials 

Other carbon materials have been used for the preparation of hybrid magnetic composites 

for CWPO. For instance, hybrid magnetic composites based on iron-copper bimetallic 
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nanoparticles and ordered mesoporous carbons were reported as active catalysts by Wang et al., 

in a very recent work [99] dealing with the elimination of several recalcitrant organic pollutants 

in aqueous phase at 25 oC and pHsolution = 3. Specifically, the influence of copper in iron-copper 

bimetallic nanoparticles was investigated. For that purpose, a magnetic carbon composite 

containing iron-copper bimetallic nanoparticles was prepared by inclusion of Fe and Cu 

precursors during the one-pot synthesis process, resulting in the composite named CuFe-MC, 

as described in Table 8. For comparison, two monometallic composites were also prepared and 

denoted as Fe-MC and Cu-MC. When CuFe-MC is compared to Fe-MC, no significant changes 

are obtained in the average size of the metallic particles or in the specific surface areas of the 

composites; nevertheless, the Fe content increases from 1.5 wt.% in Fe-MC, up to 2.3 wt.% in 

CuFe-MC, suggesting that the addition of Cu increases the loading of Fe at the surface of the 

composite and, therefore, the number of active sites available for the catalytic decomposition 

of H2O2 [99]. Indeed, the superior performance of the CuFe-MC catalyst in the CWPO of 

bisphenol A (cf. Table 8) was ascribed to the increased amount of Fe nanoparticles in the 

ordered mesoporous carbon structure due to the addition of Cu, as well as to four advantages 

of the composite catalysts based on iron-copper bimetallic nanoparticles and ordered 

mesoporous carbons: (i) high specific surface area plays a major role in the adsorption of the 

pollutant molecules, while the mesoporous structure favours the fast diffusion of reactants and 

products; (ii) iron-copper bimetallic nanoparticles highly dispersed in the matrix of the 

composite increase the amount of active sites, therefore pollutant molecules adsorbed on the 

surface of the composite are instantly decomposed; (iii) the addition of Cu favours the redox 

cycles of Fe3+/Fe2+ and Cu2+/Cu+, which enhances the activity of the composite; and (iv) the 

ordered mesoporous carbon can also act as catalyst on its own, since it is able to decompose 

H2O2 via formation of highly reactive HO• [99].   

Wang et al. [99] have further studied the stability and reusability of the CuFe-MC catalyst 

in the CWPO of bisphenol A. Accordingly, a Fe leaching of 0.57 mg L-1 was obtained in the 
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treated waters at the end of the reaction (cf. Table 8). The authors concluded that the low Fe 

leaching confirms the enhanced stability of composite catalysts due to the confinement effect 

of the ordered mesoporous carbon. The reusability study presented in Figure 26 shows that the 

CuFe-MC catalyst maintains high activity for the CWPO of bisphenol A even after five 

consecutive runs, also suggesting that the stability of metallic catalysts is increased when they 

are embedded within the matrix of ordered mesoporous carbons [99]. 

FIGURE 26 

Amorphous carbon has also been used for the preparation of hybrid magnetic composites for 

CWPO processes, as recently reported by Tristão et al. [13]. Fe nanoparticles were dispersed in 

a carbon matrix through controlled thermal decomposition of iron (III) nitrate nonahydrate in a 

sucrose aqueous solution at different temperatures (resulting in the materials named A8Fe, 

followed by the calcination temperature in oC, as described in Table 8) and subsequently tested 

in the CWPO of methylene blue at pHsolution = 6. As observed in Figure 27, Fe particles are 

effectively within the carbon matrix, which is predominantly composed of amorphous carbon 

[13]. Regarding the performance of the hybrid magnetic composites in the CWPO of methylene 

blue, the higher catalytic activity of the two composites that were prepared at lower 

temperatures (cf. Table 8) was ascribed to the presence of higher amounts of Fe2+ species [13]. 

FIGURE 27 

TABLE 8 

4.2. Carbon encapsulated magnetic nanoparticles 

To the best of our knowledge, the use of carbon encapsulated magnetic nanoparticles in 

CWPO processes was first reported in 2014, by Zhang et al. [14]. For this purpose, Fe3O4 was 

prepared by co-precipitation; then, hydrothermal dehydrogenation of glucose was adopted in 

order to coat the Fe3O4 cores with a faintly distinguished carbon layer, as observed in Figure 

28a, resulting in the composite named Fe3O4@C, as described in Table 9.  
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FIGURE 28 

Although Zhang et al. [14] have reported the formation of big agglomerates of particles due 

to magnetic attraction, the catalytic activity of the Fe3O4@C catalyst in the CWPO of methylene 

blue was unequivocally demonstrated at 35 oC and pHsolution = 3. Indeed, the authors concluded 

that carbon encapsulation enhances the catalytic activity of the Fe3O4 cores. As observed in 

Table 9, the discoloration efficiency obtained with Fe3O4@C (95.3%) is almost twice that 

obtained with Fe3O4 (57.9%). As previously discussed regarding the use of carbon 

nanostructures decorated with magnetic nanoparticles in CWPO (cf. Section 4.1), this effect 

was ascribed to an increased concentration of pollutant molecules near to the active sites in 

which HO• are formed, due to adsorptive interactions with the carbonaceous shell [14]. In 

addition, inhibition experiments performed in the presence of tert-butanol – a strong HO• 

scavenger [211] – confirm the role of HO• in the CWPO of methylene blue, as shown in Figure 

29 [14]. 

FIGURE 29 

Novel and complex hierarchical nanoarchitectures, core-shell and hollow structured 

materials have been developed in recent years, mainly as powerful platforms for controlled drug 

delivery, confined nanocatalysis and energy storage and conversion [214]. These novel 

materials, known as yolk-shell nanoparticles or “nanorattles”, are nanostructures with a void 

space between the core and the shell, which can provide very specific microenvironments [94, 

214]. Bearing this in mind, Zeng et al. [94] anticipated that yolk-shell structured catalysts could 

be used in CWPO. Therefore, a yolk-shell nanostructured material with a Fe3O4 core, a 

mesoporous Fe3O4/carbon double-layered shell, and a void space between them was 

synthesized (Fe3O4@Fe3O4/C, as described in Figure 30a) [94]. The pre-synthesized Fe3O4 

nanoparticles (cf. Figure 30b) were first coated with a silica shell through the hydrolysis of 

tetraethyl orthosilicate to form core-shell structured Fe3O4@SiO2 microspheres (cf. Figure 

30c); a double-layer coating was then deposited simultaneously on the surface of Fe3O4@SiO2 
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by hydrothermal reaction with ferrocene and H2O2 (cf. Figures 30d and e); the yolk-like 

Fe3O4@Fe3O4/C nanostructured material (cf. Figure 31) was  finally obtained by the selective 

etching of the silica shell with aqueous ammonia (a more detailed synthesis procedure is given 

in Table 9) [94].  

FIGURE 30 

FIGURE 31 

Once synthesised, the ability of the Fe3O4@Fe3O4/C catalyst for CWPO was assessed using 

4-chlorophenol as model pollutant. As observed in Figure 32a, the catalytic performance of 

Fe3O4@Fe3O4/C obtained at 25 oC and pHsolution = 4, is superior to that of the other catalysts 

used in control experiments: 97% pollutant removal is obtained after 210 min of reaction when 

using Fe3O4, while 4-chlorophenol is almost completely eliminated after 60 min of reaction 

when using the Fe3O4@Fe3O4/C catalyst. As illustrated in Figure 32b, this superior performance 

was ascribed to the synergistic effects that arise from the combination of each part of the 

Fe3O4@Fe3O4/C composite: (i) the cavity of the nanostructured material provides a perfect 

microenvironment where the CWPO process is facilitated due to the confinement of reactants 

and active sites on both surfaces of the cavity; (ii) the outer carbon layer of the shell helps to 

increase the pollutant concentration in the cavity, while it also (iii) acts as a protection to abate 

the erosion of the Fe3O4 components by the external harsh conditions. In addition, Fe3O4 

components confer a superparamagnetic character to Fe3O4@Fe3O4/C [94]. 

FIGURE 32 

The performance of a magnetic yolk-shell composite (Fe@C yolk-shell) in CWPO was 

compared to that of more traditional core-shell structures (Fe@C core-shell) in a work reported 

by Li et al. [93], in which 4-chlorophenol was also used as model pollutant. As shown in Figure 

33 and detailed in Table 9, both composites were produced in a similar way, with a core made 

of zero valent iron and a carbon shell obtained by carbonization of resorcinol-formaldehyde 

resins. In this way, the effect of the void space between the core and the shell was assessed at 
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pHsolution = 4. As observed in Table 9, 4-chlorophenol is completely removed by CWPO after 

20 min of reaction with the Fe@C core-shell catalyst, while the same performance is obtained 

within 12 min when the Fe@C yolk-shell catalyst is applied. The increased performance of the 

Fe@C yolk-shell catalyst was ascribed to its unique structure, whose cavity provides numerous 

active sites for the catalytic decomposition of H2O2 at the surface of the core. Nevertheless, the 

stability of zero-valent iron and the influence of homogeneous catalysis promoted by the Fe 

leached into the solution were not addressed in this work, which, as the authors recognized, 

casts some doubts on the actual extent of heterogeneous catalysis [93]. 

FIGURE 33 

TABLE 9 

5. Summary and perspectives 

This review demonstrates unequivocally the adequacy of CWPO as water treatment for the 

elimination of recalcitrant pollutants in aqueous phase.  

Features such as (i) stable metal impurities, (ii) basic active sites, (iii) sulphur-containing 

functionalities, (iv) well-developed surface area and pore texture, (v) adsorptive interactions 

and (vi) structural defects, were shown to increase the catalytic activity of carbon materials 

when applied as catalysts on their own. These effects were respectively ascribed to the (i) 

recognized catalytic activity of metal species, (ii) electron donating character of basic active 

sites, (iii) presence of thiol surface groups, (iv) higher surface availability, (v) increased 

pollutant concentration adsorbed nearby the sites were HO• are generated, inhibiting non-

efficient parasitic reactions between H2O2 and HO•, and to the (vi) increased surface density of 

electron-rich regions, which may act as active sites for the decomposition of H2O2. On the other 

hand, the presence of acidic oxygen-containing functionalities was shown to decrease the 

performance of carbon materials in CWPO, due to their electron-withdrawing capacity. 
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The combination of highly active and magnetically separable iron species with carbon-based 

materials promotes several synergistic effects that increase the performance of the resulting 

nanostructured hybrid composites in CWPO. These effects were mainly ascribed to: 

• increased adsorptive interactions enhanced by the carbon phase, attracting the pollutant 

molecules to the vicinity of the active sites where highly oxidizing HO• are generated; this 

phenomena inhibits non-efficient parasitic reactions involving H2O2 and HO•
, thus increasing 

the efficiency of H2O2 consumption;  

• good structural stability and lower leaching of metal species, due to the confinement effect 

caused by the carbon phase; 

• increased regeneration of active sites, either due to delocalized unpaired π-electrons or to 

electron transfer features of the carbon-based materials; 

• increased dispersion of the active sites, as result of the high specific surface area of the 

carbon phase; 

• the evident CWPO activity of carbon materials on their own. 

As a result of these synergies, several of the nanostructured hybrid composites considered 

in this review were reported as effective catalysts at neutral pH. In this way, the treated waters 

do not require neutralization before being discharged into natural waters, which is a typical 

drawback of the Fenton process.  

In addition, the magnetic sensitivity of the nanostructured composites allows their easy 

recycling at the end of the CWPO treatment cycle. Thus, the typical separation step required in 

the Fenton process for the removal of dissolved Fe species in the treated waters may be avoided. 

Nevertheless, in order to confirm this feature of the nanostructured hybrid magnetic composites, 

future works should always evaluate their stability through the measurement of Fe leached into 

solution during the CWPO process. For the sake of clarity, this is the only approach that allows 
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full evaluation of the extent of the heterogeneous catalysis that is promoted by the composite 

catalysts. 

All the works dealing with CWPO described in this review share a common feature: the 

experimental runs were always carried out at the atmospheric pressure. This fact, combined 

with the relatively mild conditions of temperature used (in the range 20-80 oC), confers an 

increased potential for economically viable applications to the CWPO-based water treatment 

technologies. On the other hand, the wide range of pollutant concentrations considered in the 

tests, from 0.212 mg L-1 up to 5 g L-1, puts into evidence the suitability of this treatment, not 

just for the elimination of microcontaminants present in wastewaters, but also for the removal 

of organic pollutants from industrial process waters and wastewaters at low to medium 

concentrations. Nevertheless, the H2O2 consumed per mole of pollutant degraded may be 

considered excessive in some works where a large excess of H2O2 was employed (H2O2 

stoichiometric ratios up to 221). This excessive consumption of H2O2 may hinder the global 

efficiency of CWPO, as H2O2 is the main reactant employed and the main contributor to the 

global CWPO process cost. Likewise, in some works the catalyst dosage was in large excess 

when compared to the pollutant concentration. In fact, pollutant/catalyst mass ratios as low as 

0.0001 have been employed, which may favour non-efficient parasitic reactions between H2O2 

and HO•, as discussed in Section 3.4. Bearing this in mind, it is important to optimize both H2O2 

and catalyst dosages in future works dealing with the application of hybrid magnetic carbon 

nanocomposites for the degradation of organic pollutants by CWPO. 

To the best of our knowledge, studies on large-scale production of hybrid magnetic carbon 

composites 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. 

Another important issue regarding the widespread use of CWPO has to do with some concerns 

of the scientific community over possible toxicological effects of the by-products resulting from 
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the application of this treatment technology. Therefore, the toxicity of the treated waters should 

be addressed more often in future studies.  

In conclusion, although significant findings and major improvements have been discussed 

in this review, especially regarding the synthesis and application of highly active and stable 

nanostructured hybrid magnetic catalysts for CWPO, much is yet to be done in order to promote 

CWPO as an efficient technology, not only for the treatment and reuse of industrial waters and 

wastewaters, but also to be able to meet the demanding quality criteria for the reuse of treated 

waters in urban water cycles. Bearing this in mind, future attempts to improve CWPO-based 

water treatment technologies may comprise very distinct approaches, such as the proper tuning 

of the carbon materials, as widely discussed in Section 3, the incorporation of metals with 

increased performances, as a result of the several studies that have been performed on the 

subject [144], or the very recent advances on the synthesis of hybrid magnetic carbon materials 

for other applications [209, 210, 215]. In addition, carbon-based hybrid magnetic composites 

produced from very distinct waste materials such as sewage sludge [56, 216], soil [217], 

foundry waste [218], peanut shells [219] and natural graphite tailings [220], have also been 

reported as active catalysts for CWPO. In the future, the low cost typically associated with 

waste materials may contribute to increase even further the commercial viability of CWPO-

based water treatment technologies.  
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TABLES 

Table 1. List of organic pollutants employed in the application of carbon-based catalysts in 

CWPO processes 

Class Pollutant Chemical formula 
Articles 

publisheda 
Reference(s) 

Dyes Methylene blue C16H18ClN3S 19 [6-24] 

Orange II C16H11N2NaO4S 18 [19, 25-41] 

Methyl orange C14H14N3NaO3S 5 [17, 42-45] 

Chromotrope 2R C16H10N2Na2O8S2 3 [38, 46, 47] 

Crystal violet C25H30ClN3 2 [48, 49] 

Reactive black 5 C26H21N5Na4O19S6 2 [48, 50, 51] 

Other Not applicable 13 [6, 7, 49, 51-60] 

Total 62  

Phenolic 

compounds 

Phenol C6H6O 31 [7, 61-90] 

4-Chlorophenol C6H5ClO 6 [91-96] 

Bisphenol A C15H16O2 6 [97-102] 

2-Nitrophenol C6H5NO3 2 [103, 104] 

m-Cresol C7H8O 2 [105, 106] 

Other Not applicable 5 [7, 107-110] 

Total 52  

Real wastewater Textile Not applicable 8 [111-118] 

Cosmetic Not applicable 1 [119] 

Pharmaceutical Not applicable 1 [120] 

Salicylaldehyde 

production 
Not applicable 1 [121] 

Winery Not applicable 1 [122] 

Total 12  

Pharmaceuticals 17α-Methyltestosterone C20H30O2 2 [123, 124] 

Ciprofloxacin C17H18FN3O3 2 [125, 126] 

Tetracycline C22H24N2O8 1 [127] 

Total 5  

Herbicides Amitrole C2H4N4 1 [128] 

Paraquat C12H14Cl2N2 1 [129] 

Total 2  

Other   7 [76, 81, 85, 108, 130-132] 

a Data collected from Scopus in November, 2015.  
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Table 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 Fe leached to the treated waters) 

Authors Catalyst Operating conditions Pollutant 

H2O2 

stoichiometric 

ratioa 

Pollutant 

removal 

[Fe]leaching 

(mg L-1) 

Zazo et al., 

2006 [90]  

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 

pHsolution = 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, but without impregnation of Fe 
58.0% 

(29.0 mg g-1 h-1) 

Not 

addressed 

Ramirez et al., 

2007 [25] 

Fe (7 wt.%) supported on activated carbon (prepared by 

carbonization of olive stones) by incipient-wetness 

impregnation with a ferrous acetate solution, followed by 

calcination 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 

pHsolution = 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, but without impregnation 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 calcination under N2 

atmosphere at 200 oC for 2 h 

Same conditions as above, 

except that t = 4 h 

98.0% 

(42.9 mg g-1 h-1) 
0.97 

Same carbon aerogel, but without impregnation of Fe 
Same conditions as above, 

except that t = 15 h 

98.0% 

(9.33 mg g-1 h-1) 

Not 

addressed 

Rodríguez et al., 

2010 [40] 

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 

pHsolution = 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 
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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. 
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Table 3. Summary of the comparative study reported by Lücking et al., in 1998 [91], 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 Fe leached to the treated waters] 

Authors Catalyst Operating conditions Pollutant 

H2O2 

stoichiometric 

ratioa 

Pollutant 

Removalb 

[Fe]leaching 

(mg L-1) 

Lücking et al., 

1998 [91]    

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 

pHsolution = 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) 

pHsolution = 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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Table 4. Reaction mechanisms for H2O2 decomposition. Adapted from [160] 

Reaction Comment / Rate   

[H2O2 + S] → HO• + OH− + [S+] Catalytic surface reaction [160] (6) 

[H2O2 + S+]  → [HOO• + H+ + S] Catalytic surface reaction [160] (7) 

 [HOO• + H+ + S] → H2O + [O• + S+] Catalytic surface reaction [160] (8) 

H2O2 ⇄ H+ + HO2
− pKa = 11.75 [165] (9) 

H2O2 + HO• → H2O + HOO• 2.7 × 107 M−1 s−1 [162] (10) 

H2O2 + HOO• → HO• + H2O + O2 3 M−1 s−1 [167] (11) 

H2O2 + O2
•−  → HO• + OH− + O2 0.13 M−1 s−1 [172] (12) 

HOO• → O2
•− + H+ 1.58 × 105 s−1 [161] (13) 

O2
•− + H+ → HOO• 1 × 1010 M−1 s−1 [161] (14) 

HO2
− + HO• → HOO• + OH− 7.5 × 109 M−1 s−1 [163] (15) 

HO• + HOO• → H2O + O2 6.6 × 109 M−1 s−1 [164] (16) 

HO• + HO• → H2O2 5.5 × 109 M−1 s−1 [162] (17) 

HOO• + HOO• → H2O2 + O2 8.3 × 105 M−1 s−1 [161] (18) 

HO• + O2
•− → OH− + O2 8 × 109 M−1 s−1 [169] (19) 

HOO• + O2
•− → HO2

− + O2 9.7 × 107 M−1 s−1 [161] (20) 
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Table 5. Summary of the comparative study performed by Domínguez et al. [177]: description of the catalyst, operating conditions and values of 

the apparent H2O2 global decomposition rate constants (kd). Fe leaching was not addressed in this study 

Authors Catalyst Operating conditions kd (h-1) 

Domínguez et al., 

2013 [177]    

Activated carbon (AC-M) 

4.0 wt.% ashes (0.04 wt.% Fe)  

SBET = 1019 m2 g-1 

Batch experiments 

[Catalyst] = 2.5 g L-1 

[H2O2]0 = 25.0 g L-1 

T = 80 oC 

pHsolution = 3.5 

t = 2 h 

1.01 

Graphite (G-S) 

0.5 wt.% ashes (0.44 wt.% Fe)  

SBET = 12 m2 g-1 

0.87 

Activated carbon (AC-P) 

1.0 wt.% ashes (0.01 wt.% Fe)  

SBET = 931 m2 g-1 

0.57 

Carbon black (CB-V) 

1.0 wt.% ashes (0.00 wt.% Fe)  

SBET = 233 m2 g-1 

0.42 

Graphite (G-F) 

0.20 wt.% ashes (0.00 wt.% Fe) 

SBET = 7 m2 g-1 

0.05 

Carbon black (CB-C) 

0.0 wt.% ashes (0.00 wt.% Fe)  

SBET = 75 m2 g-1 

0.03 
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Table 6. Summary on the use of multiwalled carbon nanotubes decorated with magnetic nanoparticles in CWPO: description of the catalyst, 

operating conditions and catalytic performance of each catalyst (pollutant removal and Fe leached to the treated waters) 

Authors Catalyst Operating conditions Pollutant 

H2O2 

stoichiometric 

ratioa 

Pollutant 

removal 

[Fe]leaching 

(mg L-1) 

Hu et al., 2011 

[123]  

Multiwalled carbon nanotubes (1 wt.%) decorated 

with Fe3O4 nanoparticles (Fe3O4/MWCNT), prepared 

by in situ growth of Fe3O4 nanoparticles on modified 

MWCNT surface (sulphuric acid/nitric acid 

treatment), by chemical oxidation of Fe2+, followed by 

co-precipitation at 95 oC under N2 atmosphere 

Batch experiments 

[Catalyst] = 2.0 g L-1 

[H2O2]0 = 0.18 g L-1 

T = 20 oC 

pHsolution = 5 

t = 8 h 17α-Methyltestosterone 

(0.212 mg L-1) 
143 

85.9% 

(0.011 mg g-1 h-1) 

79.4% (in the 7th 

consecutive reuse) 

0.59b 

Fe3O4 nanoparticles, prepared as described above, but 

without adding MWCNT 

62.0% 

(0.008 mg g-1 h-1) 

Not 

addressed 

MWCNT, supplied by Alpha Nano Technology 

[MWCNT] = 0.020 g L-1 

(corresponding to the 1 

wt.% of MWCNT) 

11.0% 

(0.001 mg g-1 h-1) 

Not 

addressed 

Fe3+ (origin not addressed) [Fe3+] = 0.001 g L-1 
35.6% 

(9.43 mg g-1 h-1) 

Not 

addressed 

Hu et al., 2012 

[124] 

Multiwalled carbon nanotubes decorated with Fe3O4 

nanoparticles (Fe3O4/MWCNT), prepared as 

described by Hu et al., 2011 [123]  

Batch experiments  

[Catalyst] = 2.0 g L-1 

[H2O2]0 = 0.18 g L-1 

T = 20 oC 

pHsolution = 7 (and 5c) 

t = 8 h 

17α-Methyltestosterone 

(0.212 mg L-1) 
143 

50.5% 

(0.007 mg g-1 h-1) 

Not 

addressed 

Fe3O4 nanoparticles prepared as described by Hu et al., 

2011 [123] 

43.0% 

(0.006 mg g-1 h-1) 

Not 

addressed 

Variava et al., 

2012 [54] 

FexOy-decorated multiwalled carbon nanotubes 

(FexOy-MWCNT), prepared by in situ growth of Fe 

nanoparticles on treated MWCNT (polyethylene 

glycol) by a polyol-mediated microwave-assisted 

method performed at 200 oC  

Batch experiments 

[Catalyst] = 0.5 g L-1 

[H2O2]0 = 0.52 g L-1 

T = 35 oC 

pHsolution = 7 

t = 1 h 

Orange G 

(50.0 mg L-1) 
2.9 

98.0% 

(98.0 mg g-1 h-1) 

73.0% (in the 5th 

consecutive reuse) 

< 2.0 

Deng et al., 

2012 [37] 

Fe3O4-MWCNT hybrid materials prepared by a 

solvothermal method using acid treated MWCNT 

(nitric acid) and iron (III) acetylacetonate in a mix 

Batch experiments 

[Catalyst] = 0.5 g L-1 

[H2O2]0 = 0.51 g L-1 

Orange II 

(87.6 mg L-1) 
1.3 

94.0%d 

(329 mg g-1 h-1) 

Not 

addressed 
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solution of glycol and ultrapure water at various 

temperatures in the range 200-270 oC 

Unknown temperature  

pHsolution = 3.5 

t = 0.5 h 

Powdered Fe3O4 (synthesis procedure not addressed) 
15.8% 

(55.4 mg g-1 h-1) 

Not 

addressed 

Nanometer-size Fe3O4 (synthesis procedure not 

addressed) 

37.1% 

(130 mg g-1 h-1) 

Not 

addressed 

Zhou et al., 

2014 [109] 

MWCNT decorated with Fe3O4 (Fe3O4/MWCNT), 

prepared by a solvothermal method using iron (III) 

acetylacetonate and n-octylamine in n-octanol at 240 
oC 

Batch experiments 

[Catalyst] = 0.5 g L-1 

[H2O2]0 = 3.40 g L-1 

T = 30 oC 

pHsolution = 5 

t = 4 h 

Tetrabromobisphenol A 

(10.0 mg L-1) 
109 

95.1% 

(4.76 mg g-1 h-1) 

93.2% (in the 10th 

consecutive reuse)  

Not 

addressed 

Fe3O4 nanoparticles (synthesis procedure not 

addressed) 

39.4% 

(1.97 mg g-1 h-1) 

Not 

addressed 

Cleveland et 

al., 2014 [101] 

MWCNT decorated with Fe3O4 nanoparticles 

(Fe3O4/MWCNT), prepared by in situ chemical 

oxidation and co-precipitation, slightly adapting the 

procedure described by Hu et al., 2011 [123] 

Batch experiments 

[Catalyst] = 0.5 g L-1 

[H2O2]0 = 0.04 g L-1 

T = 50 oC 

pHsolution = 3 

t = 4 h 

Bisphenol A 

(68.5 mg L-1) 
0.1 

90.0% 

(30.8 mg g-1 h-1) 

89.0% (in the 5th 

consecutive reuse) 

Not 

addressed 

Wang et al., 

2014 [15] 

Fe3O4–multiwalled carbon nanotube magnetic hybrid 

material (Fe3O4-MWCNT) prepared by in situ growth 

of Fe3O4 nanoparticles on acid treated MWCNT (nitric 

acid) by co-precipitation of Fe2+ and Fe3+ at 50 oC 

under N2 atmosphere 

Batch experiments 

[Catalyst] = 0.3 g L-1 

[H2O2]0 = 13.6 g L-1 

T = room temperature 

pHsolution = 5.5 

t = 12 h 

Methylene blue 

(10.0 mg L-1) 
221 

99.8% 

(2.77 mg g-1 h-1) 
0.25e 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete mineralization of the pollutant considered; b Maximum value, obtained 

in the 3rd consecutive reuse of Fe3O4/MWCNT in the CWPO of 17α-methyltestosterone; c the results obtained at pH 5 are the same as those described by Hu et al., 2011 [123]; d 

removal obtained with the Fe3O4-MWCNT sample produced at 260 oC; e value obtained in measurements performed without H2O2, at pH 5 and 6. 
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Table 7. Summary on the use of graphene-based materials decorated with magnetic nanoparticles in CWPO: description of the catalyst, operating 

conditions and catalytic performance of each catalyst (pollutant removal and Fe leached to the treated waters) 

Authors Catalyst Operating conditions Pollutant 

H2O2 

stoichiometric 

ratioa 

Pollutant 

removal 

[Fe]leaching 

(mg L-1) 

Liu et al., 2013 

[22] 

Reduced graphene oxide (rGO) decorated with 

Fe3O4 nanoparticles (Fe3O4/rGO), prepared by co-

precipitation of Fe2+ and Fe3+ in the presence of 

graphene oxide (10 wt.%) at 90 oC under N2 

atmosphere, followed by reduction with hydrazine at 

90 oC under N2 atmosphere  

Batch experiments  

[Catalyst] = 0.3 g L-1 

[H2O2]0 = 2.04 g L-1 

T = 25 oC 

pHsolution = 7 

t = 2 h 
Methylene blue 

(20.0 mg L-1) 
16.5 

98.6% 

(32.9 mg g-1 h-1) 

90.6% (in the 5th 

consecutive reuse)  

0.22 

Fe3O4 nanoparticles, prepared by co-precipitation of 

Fe2+ and Fe3+ at 90 oC under N2 atmosphere 

17.7% 

(5.90 mg g-1 h-1) 

Not 

addressed 

Reduced graphene oxide (rGO) obtained from 

reduction of graphene oxide (produced from natural 

graphite according to a modified Hummers method) 

with hydrazine at 90 oC under N2 atmosphere 

[rGO] = 0.03 g L-1 

(corresponding to the 10 

wt.% of rGO) 

24.5% 

(81.7 mg g-1 h-1) 

Not 

addressed 

Chang et al., 2014 

[52] 

Graphene oxide (GO) decorated with Fe3O4 

nanoparticles (GO-Fe3O4), prepared by co-

precipitation of Fe2+ and Fe3+ in the presence of GO 

at 60 oC under N2 atmosphere 

Batch experiments  

[Catalyst] = 0.2 g L-1 

[H2O2]0 = 8.12 g L-1 

T = 25 oC 

pHsolution = 7 

t = 1 h 

Rhodamine B 

(10.0 mg L-1) 
147 

88.3% 

(44.2 mg g-1 h-1) 

Not 

addressed 

Fe3O4 nanoparticles (synthesis procedure not 

addressed) 

60.7% 

(30.4 mg g-1 h-1) 

Not 

addressed 

Zubir et al., 2014 

[29] 

Graphene oxide-iron oxide (GO-Fe3O4) 

nanocomposite prepared by co-precipitation of Fe2+ 

and Fe3+ in the presence of GO (5 wt.%) at room 

temperature 
Batch experiments 

[Catalyst] = 0.2 g L-1 

[H2O2]0 = 0.75 g L-1 

T = 25 oC 

pHsolution = 3 

t = 3 h 

Orange II 

(35.0 mg L-1) 
4.9 

98.0% 

(57.2 mg g-1 h-1) 

Not 

addressed 

Fe3O4 nanoparticles prepared by co-precipitation of 

Fe2+ and Fe3+ at room temperature 

70.5% 

(41.1 mg g-1 h-1) 

Not 

addressed 

GO produced from natural graphite according to a 

modified Hummers method, followed by exfoliation 

by ultrasonication 

12.5% 

(7.29 mg g-1 h-1) 

Not 

addressed 
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Zubir et al., 2014 

[31]  

Graphene oxide-iron oxide (GO-Fe3O4) 

nanocomposite prepared as described above for 

Zubir et al., 2014 [29] Batch experiments 

[Catalyst] = 0.5 g L-1 

[H2O2]0 = 0.29 g L-1 

T = 25 oC 

pHsolution = 3 

t = 1.5 h 

Orange II 

(35.0 mg L-1) 
1.9 

76.0% 

(35.5 mg g-1 h-1) 

Not 

addressed 

GO-Fe3O4 nanocomposite prepared as described 

above for Zubir et al., 2014 [29], but in the presence 

of 1 wt.% of GO 

45.0% 

(21.0 mg g-1 h-1) 
 

GO-Fe3O4 nanocomposite prepared as described 

above for Zubir et al., 2014 [29], but in the presence 

of 0.5 wt.% of GO 

48.0% 

(22.4 mg g-1 h-1) 

Not 

addressed 

Yang et al., 2015 

[12] 

Reduced graphene oxide decorated with Fe3O4 

nanoparticles (Fe3O4-rGO), prepared by co-

precipitation of Fe2+ and Fe3+ in the presence of GO 

at 80 oC, followed by reduction with hydrazine at 90 
oC 

Batch experiments 

[Catalyst] = 0.1 g L-1 

[H2O2]0 = 0.03 g L-1 

T = 25 oC 

pHsolution = 3 

t = 1 h 

Methylene blue 

(50.0 mg L-1) 0.1 

54.5% 

(273 mg g-1 h-1) 

Not 

addressed 

Nanoscale zero valent iron immobilized on magnetic 

Fe3O4-reduced graphene oxide composite (Fe0-

Fe3O4-rGO), prepared by reduction of Fe2+ by 

sodium borohydride in the presence of Fe3O4-rGO at 

room temperature under N2 atmosphere  

98.0% 

(490 mg g-1 h-1) 

68.8% (in the 5th 

consecutive reuse) 

2.0 

Fe3O4 nanoparticles (synthesis procedure not 

addressed) 

23.6% 

(118 mg g-1 h-1) 

Not 

addressed 

Fe0 nanoparticles (origin not addressed) 
77.3% 

(387 mg g-1 h-1) 

Not 

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

 



70 

 

Table 8. Summary on the use of ordered mesoporous carbons and amorphous carbons decorated with magnetic nanoparticles in CWPO: description 

of the catalyst, operating conditions and catalytic performance of each catalyst (pollutant removal and Fe leached to the treated waters) 

Authors Catalyst 
Operating 

conditions 
Pollutant 

H2O2 

stoichiometric 

ratioa 

Pollutant 

removal 

[Fe]leaching 

(mg L-1) 

Wang et al., 2015 

[99]  

Iron-copper bimetallic nanoparticles embedded within 

ordered mesoporous carbon (CuFe-MC), prepared by 

inclusion of Fe3+ and Cu2+ during a “one-pot” block-

copolymer self-assembly strategy and in situ reduction 
Batch experiments  

[Catalyst] = 0.3 g L-1 

[H2O2]0 = 1.02 g L-1 

T = 25 oC 

pHsolution = 3 

t = 1 h 

Bisphenol A 

(100.0 mg L-1) 
1.9 

93.0% 

(310 mg g-1 h-1) 

87.8% (in the 5th 

consecutive reuse) 

0.57 

Iron nanoparticles embedded within ordered mesoporous 

carbon (Fe-MC), prepared as described above, but without 

adding Cu2+ 

64.0% 

(213 mg g-1 h-1) 

Not 

addressed 

Copper nanoparticles embedded within ordered 

mesoporous carbon (Cu-MC), prepared as described 

above, but without adding Fe3+ 

40.0% 

(133 mg g-1 h-1) 

Not 

addressed 

Tristão et al., 2015 

[13] 

Fe magnetic nanoparticles dispersed in an amorphous 

carbon matrix (A8Fe400), prepared by dispersion of iron 

(III) nitrate nonahydrate in a sucrose solution, followed by 

calcination at 400 oC under N2 atmosphere Batch experiments 

[Catalyst] = 4.3 g L-1 

[H2O2]0 = 0.97 g L-1 

Unknown 

temperature  

pHsolution = 6 

t = 3 h 

Methylene blue 

(200.0 mg L-1) 0.8 

93.0% 

(14.4 mg g-1 h-1) 

Not 

addressed 

Fe magnetic nanoparticles dispersed in an amorphous 

carbon matrix (A8Fe600), prepared as described above, 

but considering a calcination temperature of 600 oC  

94.6% 

(14.7 mg g-1 h-1) 

Not 

addressed 

Fe magnetic nanoparticles dispersed in an amorphous 

carbon matrix (A8Fe800), prepared as described above, 

but considering a calcination temperature of 800 oC 

60.0% 

(9.30 mg g-1 h-1) 

Not 

addressed 

Amorphous carbon (A800), prepared by calcination of 

sucrose at 800 oC under N2 atmosphere 

0.0% 

(0.00 mg g-1 h-1) 

Not 

addressed 
a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete mineralization of the pollutant considered. 
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Table 9. Summary on the use of carbon encapsulated magnetic nanoparticles in CWPO: description of the catalyst, operating conditions and catalytic 

performance of each catalyst (pollutant removal and Fe leached to the treated waters) 

Authors Catalyst Operating conditions Pollutant 

H2O2 

stoichiometric 

ratioa 

Pollutant 

removal 

[Fe]leaching 

(mg L-1) 

Zhang et al., 2014 

[14] 

  

Fe3O4 core-carbon shell nanoparticles (Fe3O4@C), 

prepared by hydrothermal dehydrogenation of glucose 

at 160 oC in the presence of Fe3O4 nanoparticles 

previously obtained by co-precipitation of Fe2+ and 

Fe3+ at room temperature 

Batch experiments  

[Catalyst] = 0.25 g L-1 

Unknown [H2O2]0 

T = 35 oC 

pHsolution = 3 

t = 2 h 

Methylene blue 

(200.0 mg L-1) 

 
Not applicable 

95.3% 

(381 mg g-1 h-1) 

Not 

addressed 

Fe3O4 nanoparticles, prepared by co-precipitation of 

Fe2+ and Fe3+ at room temperature 

57.9% 

(232 mg g-1 h-1) 

Not 

addressed 

Zeng et al., 2014 

[94] 

 

Yolk-shell nanocomposites with a Fe3O4 core and a 

mesoporous Fe3O4/carbon double-layered shell, with a 

hollow space between them (Fe3O4@Fe3O4/C), 

prepared as follows: first, Fe3O4 nanoparticles were 

prepared by a solvothermal method using Fe3+, 

trisodium citrate and sodium acetate in ethylene glycol 

at 200 oC; core-shell structures composed by a Fe3O4 

core and a SiO2 shell (Fe3O4@SiO2), were then 

prepared by coating the Fe3O4 nanoparticles through 

hydrolysis of tetraethyl orthosilicate at room 

temperature; afterwards, the outer Fe3O4/carbon 

double-layered shell was added by dispersing 

Fe3O4@SiO2 particles, ferrocene and H2O2 in acetone, 

followed by solvothermal treatment at 210 oC; the 

Fe3O4@Fe3O4/C nanocomposite was finally obtained 

by selective etching of the SiO2 layer with aqueous 

ammonia at 150 oC 

Batch experiments 

[Catalyst] = 0.5 g L-1 

[H2O2]0 = 0.68 g L-1 

T = 25 oC  

pHsolution = 4 

t = 1.5 h 

4-Chlorophenol 

(200.6 mg L-1) 0.8 

98.0% 

(261 mg g-1 h-1) 

91.0% (in the 4th 

consecutive reuse) 

Not 

addressedb 

Fe3O4 nanoparticles were prepared by a solvothermal 

method using Fe3+, trisodium citrate and sodium 

acetate in ethylene glycol at 200 oC 

36.0% 

(96.3 mg g-1 h-1) 

Not 

addressed 

Li et al., 2015 

[93] 
Core-shell nanocomposite with a zero valent iron core 

and a carbonaceous shell (Fe@C core-shell), prepared 

Batch experiments 

[Catalyst] = 1.0 g L-1 

4-Chlorophenol  

(100.0 mg L-1) 1.0 
100.0% 

(303 mg g-1 h-1) 

Not 

addressed 
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by coating Fe2O3 nanoparticles with 

cetyltrimethylammonium bromide, resorcinol, 

formaldehyde and ammonia in a mixed solution of 

ethanol and water at 35 oC, followed by calcination at 

900 oC under N2 atmosphere  to promote carbonization 

and reduction of the core   

[H2O2]0 = 0.45 g L-1 

Unknown temperature  

pHsolution = 4 

t = 20 min (Fe@C 

core-shell) 

t = 12 min (Fe@C 

yolk-shell) 

 
Yolk-shell nanocomposite with a zero valent iron core 

and a carbonaceous shell (Fe@C yolk-shell), prepared 

as follows: first, Fe2O3 nanoparticles were coated with 

SiO2 through hydrolysis of tetraethyl orthosilicate at 

room temperature; then, the resulting material was 

coated with resorcinol-formaldehyde resins as 

described above; afterwards, the SiO2 layer was 

removed with aqueous ammonia at 85 oC; the Fe@C 

yolk-shell nanocomposite was finally obtained by 

calcination at 900 oC under N2 atmosphere     

100.0% 

(500 mg g-1 h-1) 

100.0% (in the 3rd 

consecutive reuse) 

Not 

addressed 

a Obtained by dividing the amount of H2O2 employed by the stoichiometric amount needed for the complete mineralization of the pollutant considered; b A control experiment 

was made: Fe3O4@Fe3O4/C was suspended in a H2O2 solution for 45 min at the same conditions of the CWPO experiments, and then removed; the remaining solution was then 

tested for the degradation of 4-chlorophenol by homogeneous CWPO, a conversion of 4% being obtained after 60 min of reaction. 
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FIGURE CAPTIONS 

Figure 1. Evolution of Scopus indexed original research articles dealing with the application 

of carbon-based materials in CWPO processes. a Data collected from Scopus in November, 

2015. 

Figure 2. Study performed with CNT: (a) removal of 2-nitrophenol (2-NP) obtained as a 

function of time when using CNT (0.1 g L-1), homogeneous Fe3+ (0.02 mg L-1) and non-catalytic 

removal (blank), with [2-NP]0 = 100 mg L-1, T = 50 oC, pH = 3 and, in CWPO runs, [H2O2]0 = 

1.18 g L-1; (b) XRD spectra of the CNT before and after the CWPO process. Reprinted from 

[103], Copyright © 2013, with permission from Elsevier [License number: 3761821508483]. 

Figure 3. CWPO (solid lines) and adsorption (dotted lines) removal of C. I. reactive red 241 

obtained as a function of time when using different carbon materials: (a) AC, NORIT and 

HSAG, (b) ox/AC, ox/NORIT and ox/HSAG, (c) CNFs and CNTs and (d) ox/CNFs and 

ox/CNTs. Experiments performed with [C. I. reactive red 241]0 = 200 mg L-1, 

[catalyst/adsorbent] = 2.0 g L-1, T = 25 oC, pH = 3.5 and, in CWPO runs, [H2O2]0 = 34.0 g L-1. 

Reprinted from [59], Copyright © 2012, with permission from Elsevier [License number: 

3761870125753]. 

Figure 4. Removal of Chromotrope 2R by CWPO obtained after 150 min (XCWPO, after 

subtracting the adsorption removals) vs. oxygen content of the activated carbon xerogel 

catalysts. Experiments performed with [Chromotrope 2R] = 100 mg L-1, [catalyst/adsorbent] = 

0.1 g L-1, T = 50 oC (dotted line) and T = 30 oC (solid line), pH = 3 and [H2O2]0 = 1.18 g L-1. 

Data from [38].  

Figure 5. Removal of C. I. reactive red 241 (initial concentration = 50 mg L-1) by adsorption 

(ACx) and CWPO (ACx/H2O2) obtained as a function of time when using different activated 

carbon materials (2.2 g L-1). Experiments performed at room temperature, pH = 3 and, in CWPO 

runs, [H2O2]0 = 51.0 g L-1. Non-catalytic removal (blank) is also given for comparison. 

Reprinted from [6], Copyright © 2008, with permission from Elsevier [License number: 

3761870653269]. 

Figure 6. Yield of HO• obtained in the H2O2 decomposition (YHO•) after 150 min of reaction 

with the pristine activated carbon (AC) and with the modified activated carbons ACS and 

ACNUT vs. the amount of basic active sites. Experiments performed with [catalyst] = 0.1 g L-

1, T = 50 oC, pH = 3 and [H2O2]0 = 1.18 g L-1. Points represent experimental data, while line 
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represents the linear fitting (r2 = 0.97). Reprinted from [160], Copyright © 2013, with 

permission from Elsevier [License number: 3761870884392]. 

Figure 7. Chromotrope 2R removal in adsorption and CWPO experiments: (a) concentration 

decay curves and (b) initial removal rates, as function of the PZC (pH at the point of zero charge) 

of the different activated carbon materials. Experiments performed with [Chromotrope 2R]0 

=100 mg L-1, [catalyst/adsorbent] = 0.5 g L-1, T = 50 oC, pH = 3 and [H2O2]0 = 1.18 g L-1. 

Reprinted from [46], Copyright © 2010, with permission from Elsevier [License number: 

3761871081226]. 

Figure 8. Apparent H2O2 global decomposition rate constants (kd) obtained after 150 min of 

reaction with the pristine AC and with the modified activated carbons ACS, ACN, ACNU and 

ACNUT vs. the amount of acidic active sites. Experiments performed with [catalyst] = 0.1 g L-

1, T = 50 oC, pH = 3 and [H2O2]0 = 1.18 g L-1. Reprinted from [160], Copyright © 2013, with 

permission from Elsevier [License number: 3761880098821]. 

Figure 9. 2-Nitrophenol removal obtained after 4 h in adsorption and CWPO runs (bars/left 

axis), as a function of the PZC (pH at the point of zero charge, circles/right axis) and specific 

surface area (SBET, squares/right axis) of the different carbon materials produced from glycerol. 

Experiments performed with [2-NP]0 = 100 mg L-1, [catalyst/adsorbent] = 1.0 g L-1, T = 50 oC, 

pH = 3 and, in CWPO runs, [H2O2]0 = 1.78 g L-1. Adapted from [104]. 

Figure 10. Apparent global H2O2 decomposition rate constants (kd) vs. Raman (left), TPO 

(middle) and XPS (right) parameters related with the structural ordering of the activated carbons 

considered. Squares represent kinetic values obtained based on empirical equations, 

considering activated carbons without oxygen-containing surface groups; circles represent 

experimental values. Experiments performed with [catalyst] = 0.5 g L-1, T = 50 oC, pH = 3 and 

[H2O2]0 = 0.50 g L-1. Reprinted from [171], Copyright © 2011, with permission from Elsevier 

[License number: 3761880337816]. 

Figure 11. 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•. Adapted from 

[107]. 

Figure 12. Total organic carbon (TOC) vs. H2O2 conversions obtained when using (□) AC-M 

and (■) AC-P. Experiments performed with [phenol]0 = 5.0 g L-1, [catalyst] = 2.5 g L-1, T = 80 

oC, pH = 3.5 and [H2O2]0 = 25.0 g L-1. Reprinted from [72], Copyright © 2013, with permission 

from Elsevier [License number: 3761880832616]. 

Figure 13. Total organic carbon (TOC) removal per amount of H2O2 decomposed (ɳH2O2
, 

circles and squares/left axis) and removal of 4-nitrophenol by pure adsorption (bars/right axis) 
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vs. intensity ratios of the D bands relative to the G mode (ID/IG) for the rGO samples, obtained 

by Raman spectroscopy. Points represent experimental data, while line represents the linear 

fitting. Experiments performed with [4-nitrophenol]0 = 5.0 g L-1, [catalyst/adsorbent] = 2.5 g L-

1, T = 50 oC, pH = 3.0 and, in CWPO runs, [H2O2]0 = 17.8 g L-1. Adapted from [107]. 

Figure 14. Representation of the two general classes of nanostructured hybrid magnetic carbon 

materials: carbon encapsulated magnetic nanoparticles (left) and carbon nanostructures 

decorated with magnetic nanoparticles (right). Carbon material is shown in black, whereas 

magnetic particles are represented by red spheres; yellow chains correspond to optional 

molecular linkers. Reprinted from [209], Copyright © 2012, with permission from The Royal 

Society of Chemistry [License number: 3761881181315]. 

Figure 1. Main synthesis techniques used for the preparation of hybrid magnetic carbon 

nanocomposites. 

Figure 2. 17α-Methyltestosterone (MT) concentration decay (above) and decomposition of 

H2O2 (bellow), under different conditions. Experiments performed with [MT]0 = 0.21 mg L-1, 

[H2O2]0 = 0.18 g L-1,  [Fe3O4] = 2.0 g L-1, [Fe3O4/MWCNT] = 2.0 g L-1, [MWCNT] = 0.02 g L-

1, T = 50 oC and pH = 5. Reprinted from [123], Copyright © 2011, with permission from 

Elsevier [License number: 3761890203877]. 

Figure 3. Influence of the initial solution pH on the removal of methylene blue (MB) by CWPO 

when using the Fe3O4-MWCNT catalyst (0.3 g L-1). Experiments performed at room 

temperature during 2 h, with [MB]0 = 10 mg L-1, [H2O2]0 = 13.61 g L-1. Reprinted from [15], 

Copyright © 2014, with permission from The Royal Society of Chemistry [License number: 

3761890418678]. 

Figure 4. Magnetic saturation curves of the Fe3O4-MWCNT composites produced at different 

temperatures, measured at room temperature using a vibrating sample magnetometer. Inset: 

photograph of magnetic separation of the composites from an aqueous suspension. Reprinted 

from [37], Copyright © 2012, with permission from Elsevier [License number: 

3761911315093]. 

Figure 5. (a) TEM micrograph of one sample of the Fe3O4-MWCNT magnetic hybrid materials 

produced by J. Deng et al.; (b) histogram of Fe3O4 particle size distribution in the same sample. 

Reprinted from [37], Copyright © 2012, with permission from Elsevier [License number: 

3761911315093].    

Figure 20. (a) Percentage of tetrabromobisphenol A (TBBPA) remaining at the end of each of 

10 consecutive CWPO cycles performed during 4 h with the Fe3O4/MWCNT catalyst; (b) 

magnetic saturation curves of Fe3O4/MWCNT (MNPs) and Fe3O4, measured at room 
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temperature using a vibrating sample magnetometer; XPS spectrum of Fe in the 

Fe3O4/MWCNT (MNPs) (c) before and (d) after 10 CWPO cycles; and XPS spectrum of Fe in 

the Fe3O4 (e) before and (f) after 10 CWPO cycles. Experiments performed with [TBBPA]0 = 

10 mg L-1, [catalyst] = 0.5 g L-1, T = 30 oC, pH = 5 and [H2O2]0 = 3.40 g L-1. Reprinted from 

[109], Copyright © 2014, with permission from The Royal Society of Chemistry [License 

number: 3761920010657]. 

Figure 21. Mechanism proposed by W. Liu et al. for the CWPO of methylene blue (MB) when 

using the Fe3O4/rGO catalyst. Inset: photographs of Fe3O4/rGO dispersed in solution and of 

magnetic separation by a permanent magnet after degradation of MB. Reprinted from [22], 

Copyright © 2013, with permission from Springer Science + Business Media [License number: 

3763540153228]. 

Figure 22. Different GO-Fe3O4 structures proposed by N. Zubir et al. Reprinted from [29], 

Copyright © 2014, with permission from Nature Publishing Group [License number: 

3761920430748]. 

Figure 23. Orange II concentration decay curves obtained under different conditions. 

Experiments performed with [Orange II]0 = 35.0 mg L-1, [catalyst] = 0.2 g L-1, T = 25 oC, pH = 

3 and [H2O2]0 = 0.75 g L-1. Reprinted from [29], Copyright © 2014, with permission from 

Nature Publishing Group [License number: 3761920430748]. 

Figure 24. Tem micrographs of (a1 and a2) graphene oxide, (b1 and b2) Fe3O4-rGO and (c1 

and c2) Fe0-Fe3O4-rGO. Reprinted from [12], Copyright © 2015, with permission from Elsevier 

[License number: 3761920605803]. 

Figure 25. Mechanism proposed by Yang et al. for the CWPO of methylene blue (MB) when 

using the Fe0-Fe3O4-rGO catalyst. Reprinted from [12], Copyright © 2015, with permission 

from Elsevier [License number: 3761920605803]. 

Figure 26. Bisphenol A concentration decay curves obtained in CWPO runs with consecutive 

reuse of the CuFe-MC catalyst (0.3 g L-1). Experiments performed with [Bisphenol A]0 =100.0 
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mg L-1, [H2O2]0 = 1.02 g L-1, T = 25 oC and pH = 3. Reprinted from [99], Copyright © 2014, 

with permission from Elsevier [License number: 3761920849470]. 

Figure 27. TEM micrographs of A8Fe600 and A8Fe800. Reprinted from [13], Copyright © 

2013, with permission from Springer Science + Business Media [License number: 

3763530618389]. 

Figure 28. (a) TEM micrograph and (b) infrared spectra of the Fe3O4@C composite. Reprinted 

from [14], Copyright © 2014, with permission from Springer Science + Business Media 

[License number: 3763530802165]. 

Figure 29. Influence of different amounts of tert-butanol on the CWPO of methylene blue, 

when using the Fe3O4@C catalyst (0.25 g L-1). Experiments performed with 20.0 mL of 

methylene blue aqueous solution (200 mg L-1), T = 35 oC, pH = 3 and an unknown concentration 

of H2O2. Reprinted from [14], Copyright © 2014, with permission from Springer Science + 

Business Media [License number: 3763530802165]. 

Figure 30. (a) Illustration of the preparation of the yolk-shell Fe3O4@Fe3O4/C nanostructured 

material; TEM micrographs of (b) Fe3O4, (c) Fe3O4@SiO2 and (d and e) 

Fe3O4@SiO2@Fe3O4/C; (f) structural model of Fe3O4@SiO2@Fe3O4/C; (g) scanning 

transmission electron microscopy (STEM) micrographs and energy-dispersive X-ray (EDX) 

mapping of Fe3O4@SiO2@Fe3O4/C. Reprinted from [94], Copyright © 2014, with permission 

from John Wiley and Sons [License number: 3761921483345]. 

Figure 31. (a and b) TEM micrographs of Fe3O4@Fe3O4/C; (c and d) high-resolution 

transmission electron microscopy (HRTEM) micrographs of the shell and core, respectively. 

Insets in (a) and (b) are scanning electron microscopy (SEM) images of Fe3O4@Fe3O4/C. 

Reprinted from [94], Copyright © 2014, with permission from John Wiley and Sons [License 

number: 3761921483345]. 

Figure 32. (a) 4-Chlorophenol concentration decay curves obtained under different conditions: 

I) Fe3O4@Fe3O4/C; II) Fe3O4; III) solid SiO2@Fe3O4/C; IV) yolk-like SiO2@Fe3O4/C; V) non-

catalytic removal (blank); and VI) pure adsorption removal with Fe3O4@Fe3O4/C. Experiments 

performed with [4-Chlorophenol]0 = 200.6 mg L-1, [catalyst/adsorbent] = 0.5 g L-1, T = 25 oC, 

pH = 4 and, in CWPO runs, [H2O2]0 = 0.68 g L-1. (b) Mechanism proposed by T. Zeng et al. for 

the CWPO of 4-chlorophenol in the yolk-like Fe3O4@Fe3O4/C catalyst. Reprinted from [94], 
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Copyright © 2014, with permission from John Wiley and Sons [License number: 

3761921483345]. 

Figure 33. Synthesis pathways of the Fe@C core-shell and Fe@C yolk-shell hybrid magnetic 

composites. Reprinted from [93], Copyright © 2015, with permission from The Royal Society 

of Chemistry [License number: 3761930157656].  
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FIGURE 2 
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FIGURE 3 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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FIGURE 8 
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FIGURE 9 
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FIGURE 10 
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FIGURE 12 
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FIGURE 13 
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FIGURE 14 
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FIGURE 15 
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FIGURE 16 
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FIGURE 17 
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