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Abstract 

Magnetite, nickel and cobalt ferrites were prepared and encapsulated within graphitic shells, 

resulting in three hybrid magnetic graphitic nanocomposites. Screening experiments with a 4-

nitrophenol aqueous model system (5 g L-1) allowed to select the best performing catalyst, 

which was object of additional studies with the liquid effluent resulting from a mechanical 

biological treatment plant for municipal solid waste. Due to its high content in bicarbonates 

(14,350 mg L-1) and chlorides (2,833 mg L-1), controlling the initial pH was a crucial step to 

maximize the performance of the catalytic wet peroxide oxidation (CWPO) treatment. The 

catalyst load was 0.5 g L-1, a very low dosage when compared to the high chemical oxygen 

demand (COD) of the effluent – 9,206 mg L-1. At the optimum operating pH (i.e., pH = 6), ca. 

95% of the aromaticity was converted and ca. 55% of COD and total organic carbon (TOC) of 

the liquid effluent was removed. The biodegradability of the liquid effluent was enhanced 

during the treatment by CWPO, as reflected by the 2-fold increase of the five-day biochemical 

oxygen demand (BOD5) to COD ratio (BOD5/COD), namely from 0.21 (indicating non-

biodegradability) to 0.42 (suggesting biodegradability of the treated wastewater). In addition, 

the treated water revealed no toxicity against selected bacteria. 

Lastly, a magnetic separation system was designed for in-situ catalyst recovery after the 

CWPO reaction stage. The high catalyst stability was demonstrated through five 

reaction/separation sequential experiments in the same vessel with consecutive catalyst reuse. 

 

Keywords: Core-shell nanocomposites; Heterogeneous Fenton-like process; Mechanical 

biological treatment; Process water; Magnetic separation.  
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1. Introduction 

The organic fraction accounts for about 30 – 40 wt.% of the municipal solid waste (MSW) 

produced in Europe, corresponding to over 70 million tonnes per year [1]. A significant portion 

of this biodegradable waste ends up in landfills [1]; however, this approach is not really 

sustainable [2]. In order to limit the environmental impact of direct landfill disposal, the EU 

Directive on waste landfilling (Council Directive 99/31/EC) aims to reduce the biodegradable 

MSW going to landfills, namely 65 wt.% within just 15 years [3]. As a consequence, the concept 

of hierarchical waste management is well-established nowadays, mechanical biological 

treatment (MBT) plants being a suitable alternative that is growing in popularity in many 

European countries as well as in other countries worldwide [4, 5].  

MBT plants typically operate in two steps: the first step comprises residue preparation and 

sorting into different fractions using mechanical means; the second step envisages the 

biological treatment of the organic fraction of MSW to produce a stabilised solid output for 

agronomical applications (compost) or ultimately for disposal to landfill [6]. Under this context, 

anaerobic digestion is an energy efficient biological treatment technique that allows using the 

organic fraction of MSW as renewable energy source (e.g. through biogas production) while 

reducing the environmental impact of its direct landfill disposal [2, 7]. Therefore, MBT plants 

allow reducing the waste stream going to landfill while benefiting from resources (e.g. 

recyclables and compost) and energy recovery [5].  

In order to achieve optimum process conditions, the biodegradable fraction of the MSW 

going to anaerobic digestion must first be suspended in, or moistened with water, leading to 

significant freshwater requirements – from 0.4 to 0.6 m3 per tonne of waste, for dry or wet 

fermentation, respectively [7]. In addition to the process water from (i) anaerobic digestion, the 

other main sources of process water streams are: (ii) leachate from intensive rotting, (iii) 

pressing water from digestate dewatering and (iv) condensates and/or scrubber water from the 

exhaust treatment [7]. However, unlike the gaseous emissions and the stabilized solid output, 
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the literature lacks on information regarding the characteristics and subsequent treatment of the 

liquid effluent with high pollutant loads resulting from the process water streams of MBT plants 

for MSW [7].   

Bearing this in mind, a liquid effluent was collected from a MBT plant located in the 

Northeast region of Portugal (currently processing 50,000 tonnes of MSW per year); after 

detailed characterization, catalytic wet peroxide oxidation (CWPO) – a promising alternative 

technology to the conventional homogeneous Fenton process [8] – was studied under 

atmospheric pressure and moderate temperature (80 oC) for the treatment of this liquid effluent 

presenting low biodegradability. This approach is in line with the current trend for the 

intensification of CWPO processes, which is moving the process towards the application of 

higher temperatures, ranging from 80 ºC to 125 oC [9-11]. 

Catalyst design plays a crucial role in CWPO, since this water treatment technology relies 

on the catalytic decomposition of hydrogen peroxide (H2O2) via formation of hydroxyl radicals 

(HO•) – which are very powerful and effective oxidants for the destruction of a huge range of 

organic pollutants [12, 13]. This is confirmed by several recent review articles on the synthesis 

and application of heterogeneous metal/magnetic phases in CWPO, either directly applied as 

catalysts or included in very distinct support/hybrid materials [8, 13-21]. Under this context, 

our previous work has been mainly focused on the combination of active and magnetically 

separable iron-based materials with the easily tuned properties of carbon-based materials [14]. 

As a result, the outstanding performance of a hybrid magnetic graphitic nanocomposite 

(MGNC) catalyst – composed by a magnetite (Fe3O4) core and a graphitic shell – was reported 

when applied in the CWPO of a typical refractory organic model pollutant (4-nitrophenol; 4-

NP) with high load (5 g L-1, corresponding to a total organic carbon content similar to that of 

the liquid effluent considered in this work) [9]. Specifically, it was concluded that the 

performance of bare Fe3O4 in CWPO is enhanced when this magnetic material is encapsulated 

within a graphitic structure during the synthesis of MGNC, due to the increased adsorptive 
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interactions between the carbon phase and the pollutant molecules; while at the same time, the 

leaching of Fe species from Fe3O4 to the treated water is strongly limited due to the confinement 

effect caused by the carbon shell [9]. 

Seeking for a MGNC catalyst optimization based on the magnetic core, nickel ferrite 

(NiFe2O4) and cobalt ferrite (CoFe2O4) were prepared in the present work and then encapsulated 

within graphitic shells, in addition to Fe3O4. Due to the easier manipulation, simplicity and 

increased reproducibility of the experimental results, the 4-NP aqueous model system (5 g L-1) 

was used for the initial screening of the MGNC catalysts, as well as for the development of an 

in-situ magnetic separation system for catalyst recovery after the CWPO reaction stage. 

Afterwards, the MGNC catalyst with higher activity for the CWPO of 4-NP was employed in 

the treatment of the liquid effluent collected from a MBT plant. The performance of the CWPO 

process was thoroughly evaluated by systematic measurements of chemical oxygen demand 

(COD), total organic carbon (TOC), aromaticity, H2O2 consumption and dissolved metal 

species, in order to optimize the operating parameters. Five-day biochemical oxygen demand 

(BOD5) was determined in order to estimate the effect of CWPO on the biodegradability of the 

liquid effluent. Total heterotrophic bacteria were estimated in order to assess the effect of 

CWPO on the autochthonous microbial population of the liquid effluent. Additional 

microbiological assays were performed in order to evaluate the antimicrobial activity of the 

liquid effluent before and after treatment by CWPO. 

2. Materials and methods 

2.1. Chemicals 

4-Nitrophenol, 4-NP (O2NC6H4OH, Mr 139.11, 98 wt.%), hydrogen peroxide (H2O2, 30% 

w/v) and potassium phthalate monobasic (99.5 wt.%) were purchased from Acros Organics and 

Fluka and Riedel-de Haën, respectively. Iron (III) chloride hexahydrate (FeCl3.6H2O, 97 wt.%), 
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phenol (99.5 wt.%), formaldehyde solution (37 wt.%, stabilized with methanol), potassium 

dichromate (99.5 wt.%), mercury (II) sulphate (HgSO4, 99 wt.%), ammonium hydroxide 

solution (25 wt.%) and silver nitrate (99.8 wt.%) were obtained from Panreac. Titanium (IV) 

oxysulphate (TiOSO4·xH2O, 15 wt.% in diluted sulphuric acid, 99.99%), iron (II) chloride 

tetrahydrate (FeCl2.4H2O, 99 wt.%), copolymer pluronic F127, ethanol absolute (99.8 wt.%) 

and sodium sulphite (Na2SO3, 98 wt.%) were purchased from Sigma-Aldrich. Nickel (II) 

chloride hexahydrate (NiCl2.6H2O, 95 wt.%), cobalt (II) chloride hexahydrate (CoCl2.6H2O, 99 

wt.%), sodium hydroxide (NaOH, 98.7 wt.%), sulphuric acid (H2SO4, 95 wt.%), hydrochloric 

acid (HCl, 37 wt.%), silver sulphate (95 wt.%), methanol (HPLC grade), glacial acetic acid 

(analytical reagent grade), tert-butanol (99.8 wt.%), acetonitrile (HPLC grade) and potassium 

chromate (99.6 wt.%) were obtained from Fisher Chemical. Plate count agar (PCA), Muller 

Hinton agar (MHA) and nutrient broth (NB) were purchased from Liofilchem. 

All chemicals were used as received, without further purification. Distilled water was used 

throughout the work. 

2.2. Liquid effluent from a mechanical biological treatment plant for municipal solid waste 

The liquid effluent used in this work was collected from a MBT plant for MSW located in 

Northern Portugal. The liquid effluent, whose properties are summarized in Table 1, gathers all 

the wastewater produced in the plant (mainly composed by a mechanical unit for residue 

sorting, followed by an anaerobic digestion unit for biogas production from the organic fraction 

of the MSW). The liquid effluent was filtered (analytical filter paper, 25 μm) prior to its use in 

this work, in order to remove the suspended solids that would interfere in subsequent treatment 

and analytical steps. 

TABLE 1 
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2.3. Magnetic nanoparticles 

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

30 oC and under N2 atmosphere, as previously described [9]. For that purpose, 13.44 mmol of 

iron (II) chloride tetrahydrate and 26.88 mmol of iron (III) chloride hexahydrate were dissolved 

in 250 mL of distilled water and transferred into a 500 mL glass reactor, equipped with a 

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

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

stirring, and further kept under inert atmosphere. At this point, 10 mL of ammonium hydroxide 

solution (25 wt.%) was quickly added, a black precipitate being instantly obtained. Afterwards, 

possible residues of the precursors were washed-out with distilled water, the sample being then 

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

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

solution at 75 oC, adapting the procedure described elsewhere [22]. For that purpose, 67 mmol 

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

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

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

temperature was reached, 80 mL of ammonium hydroxide solution (1 mol L-1) was added 

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

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

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

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

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

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

the materials with the inverse spinel structure [22, 23], and resulting in the CoFe2O4 sample. 

Nickel ferrite (NiFe2O4) was synthesized using the same procedure, except that the cobalt 

precursor was replaced by nickel (II) chloride hexahydrate. 
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2.4. Hybrid magnetic graphitic nanocomposites 

The MGNC materials were prepared by hierarchical co-assembly of magnetic nanoparticles 

and carbon precursors, followed by thermal treatment, adapting the procedure previously 

described [9]. For that purpose, 5 g of copolymer pluronic F127 was dissolved in 50 mL of 

H2O, in a round bottom 500 mL glass reactor equipped with a condenser and immersed in an 

oil bath with temperature control. Then, 5 mL of magnetic nanoparticles suspension (17 mg 

mL-1, previously obtained by dispersion of Fe3O4, NiFe2O4 or CoFe2O4, in H2O in an ultrasonic 

bath) was added, the resulting solution being stirred during 2 h at 66 oC for homogenization. 

After that, ≈ 60 mL of a phenol/formaldehyde resol solution was added, the resulting mixture 

being kept under stirring (400 rpm) at 66 oC for 72 h and then at 70 oC for an additional 24 h. 

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

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

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

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

washing-out of some possible residues of the precursors and then dried overnight in oven at 60 

oC. Afterwards, each sample was thermally treated under a N2 flow (100 cm3 min-1) at 120, 400 

and 600 oC during 60 min at each temperature and then at 800 oC for 240 min, defining a heating 

ramp of 2 oC min-1. Finally, each sample was washed with 1 L of distilled water at 50 oC under 

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

filtration, being then dried overnight in oven at 60 oC, resulting in the Fe3O4/MGNC, 

NiFe2O4/MGNC or CoFe2O4/MGNC materials. 

2.5. Characterization techniques 

X-ray diffraction (XRD) analysis was performed in a PANalytical X’Pert MPD equipped 

with a X’Celerator detector and secondary monochromator (Cu Kα λ = 0.154 nm; data 

recorded at a 0.017o step size). The crystallographic phases present were identified using 
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HighScore software and Crystallography Open Database. Rietveld refinement of the XRD 

diffraction patterns was performed using PowderCell software allowing phase quantification. 

Crystallite sizes were determined by the Williamson-Hall method. 

Transmission electron microscopy (TEM) was performed in a LEO 906E instrument 

operating at 120 kV, equipped with a 4 Mpixel 28 × 28 mm CCD camera from TRS. At least 

100 counts were performed by using ImageJ software in order to estimate the size of the 

magnetic nanoparticles. At least 65 counts were performed to estimate the size of the metal core 

of the MGNC materials. 

The textural properties were determined from N2 adsorption–desorption isotherms at -196 

oC, obtained in a Quantachrome NOVA 4200e adsorption analyser, as previously described 

[24]. The pH at point of zero charge (pHPZC) was obtained by pH drift tests [24]. 

Thermogravimetric analysis (TGA) was performed using a Netzsch TG 209 F3 Tarsus 

equipment under oxidative atmosphere, upon heating the samples from 30 to 950 oC at 20 oC 

min-1.  

2.6. Catalytic wet peroxide oxidation experiments 

Batch CWPO experiments with 4-NP as model pollutant were performed in a well-stirred 

(600 rpm) glass reactor equipped with a condenser, a temperature measurement thermocouple, 

a pH measurement electrode and a sample collection port. The reactor was loaded with 4-NP 

aqueous solutions (5.0 g L-1) and heated by immersion in an oil bath at controlled temperature. 

Upon stabilization at 80 oC, the solution pH was adjusted to 3 by means of H2SO4 and NaOH 

solutions, and the experiments were allowed to proceed freely, without further pH conditioning. 

A calculated volume of H2O2 (30% w/v) was injected into the system, in order to reach the 

stoichiometric amount of H2O2 needed to completely mineralise 4-NP (17.8 g L-1). The catalyst 

was added after complete homogenization of the resulting solution, that moment being 

considered as t0 = 0 min. Pure adsorption runs were also performed in order to assess the 
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possible adsorption influence on the 4-NP removal by CWPO, but, in this case, the amount of 

H2O2 was replaced by distilled water. Blank experiments, without any catalyst, were also 

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

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

CoFe2O4/MGNC, a leaching test was performed as previously described [9]. For that purpose, 

the CoFe2O4/MGNC catalyst was removed after 30 min of reaction at the reaction temperature 

(80 oC), and the reaction solution was allowed to progress further. The participation of the HO• 

radicals in the CWPO process was indirectly shown by adding tert-butanol (tBuOH) – a strong 

HO• scavenger [25]. 

Batch CWPO experiments with the liquid effluent described in Section 2.2 were performed 

under the same experimental conditions described for the CWPO runs performed with 4-NP 

solutions, except that the concentration of H2O2 was in the range 13.9 – 34.7 g L-1 

(corresponding to 0.6 and 1.6-fold the stoichiometric amount theoretically needed to reduce the 

effluent COD and to react with the effluent chlorides), and the operating pH in the range 2.5 – 

8.   

The in-situ magnetic separation of the catalyst was performed after the reaction stage, by 

coupling a Mitutoyo 7033B switchable magnetic stand (clamping force 600 N) with the glass 

reactor used for CWPO. Briefly, the magnetic stand is composed by four parts: a non-ferrous 

metal spacer placed between two plates or iron, and the magnet at the centre; when the magnet 

poles are aligned with the ferrous plates the magnetic stand is ON, whereas the magnetic stand 

is OFF when the magnet poles are aligned with the non-ferrous spacer. When the round bottom 

glass reactor was placed on the magnetic stand, it was immediately switched ON and the 

magnetic separation was allowed to proceed during 5 min. Afterwards, the treated water was 

collected with a pipette. In order to evaluate the stability of the CoFe2O4/MGNC catalyst in the 

CWPO of the liquid effluent from the MBT plant, reusability cycles were performed as 

described: after each run, in-situ magnetic separation was employed for catalyst recovery and 
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the treated water was collected. Afterwards, 23 wt.% of the initial catalyst load was added (i.e., 

0.115 g L-1; corresponding to the mass fraction lost due to the sampling procedure and to the 

treated water collection) in order to ensure equal catalyst dosage throughout all the reusability 

cycles (0.5 g L-1), and the catalyst was reused in CWPO upon the addition of fresh liquid 

effluent. 

Selected experiments were performed in duplicate, in order to assess reproducibility and 

error of the experimental results. It was found that the standard deviation of the 4-NP and H2O2 

determinations was never superior to 1% in the experiments performed with the model 

pollutant, while in the experiments performed with the liquid effluent from a MBT plant, the 

standard deviation of the COD, TOC, H2O2 and aromaticity determinations was never superior 

to 2%, 1%, 4% and 1%, respectively.  

2.7. Analytical methods 

The parent compound 4-NP and possible oxidation by-products were determined by high 

performance liquid chromatography (HPLC), using a method previously described [26]. Total 

organic carbon (TOC) was determined using a Shimadzu TOC-L CSN analyser. For 

quantification purposes, small aliquots were periodically withdrawn from the reactor and an 

excess of sodium sulphite was immediately added in order to consume residual H2O2 and to 

instantaneously stop the reaction.  

The concentration of H2O2 was followed by a colorimetric method with titanium (IV) 

oxysulfate [26]. Chemical oxygen demand (COD) was determined by a closed reflux 

colorimetric method, adapting the procedure described elsewhere [27]. A 10:1 weight ratio of 

HgSO4:Cl- was ensured in all the analysis in order to avoid the interference of chloride ion [27]. 

The apparent COD value obtained (CODapp) was then corrected considering the theoretical 

interference of residual H2O2, as described in Eq. 1, which was given elsewhere [28], and 

confirmed in the present study (considering the concentration range 0 ≤ [H2O2] ≤ 692 mg L-1). 
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Absorbance spectra in the range 200 – 660 nm were obtained with a 0.5 nm sampling interval, 

using a T70 spectrometer (PG Instruments, Ltd.). Aromaticity was estimated by measuring the 

absorbance at 254 nm – a wavelength at which most aromatic compounds typically present a 

maximum value of absorbance [29]. The contribution of residual H2O2 on aromaticity was 

experimentally determined using H2O2 standard solutions in the range 10 – 14,000 mg L-1. 

Afterwards, the apparent aromaticity value obtained (Aromaticityapp) was corrected considering 

the interference of residual H2O2, as described in Eq. 2.  

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

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

volume of sample was added into a brown glass bottle (nominal volume 510 mL) equipped with 

a magnetic stirrer and a carbon dioxide trap in the headspace (NaOH pellets). Each bottle was 

sealed with an OxiTop® head and then placed in an incubator box at constant temperature (20 

oC) during the five-day incubation period. The BOD5 value was calculated from the pressure 

decrease in the closed vessel, as recorded via the piezoresistive electronic pressure sensors of 

the OxiTop® measuring system. In the samples collected after CWPO, the apparent BOD5 

value obtained (BOD5, app) was then corrected considering the theoretical interference of 

residual H2O2, as described in Eq. 3. 

The samples collected for the determination of H2O2, COD, absorbance spectra, aromaticity 

and BOD5 were immediately placed in ice in order to stop the reaction, and kept at 3 oC until 

the analysis. Appropriate dilutions were made when necessary. 

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

Aromaticity = Aromaticity
app

- 0.0005 [H2O2]]/ mg L-1 (2) 

BOD5 = BOD5, app+ 0.4706 [H2O2]/ mg L-1 (3) 

Total Fe content was determined by a colorimetric method with 1,10-phenantroline, 

according to ISO 6332 and measuring the absorbance at 510 nm [30]. The same analytical 
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procedure was employed for the determination of the dissolved Fe content, except that in this 

case the samples were filtered (0.2 μm) prior to the analysis. Likewise, dissolved Ni and Co 

contents were determined by using a PerkinElmer PinAAcle 900 atomic absorption 

spectrometer, employing a multi-element hollow cathode lamp (Lumina N3050214). The 

concentration of chlorides dissolved in the liquid effluent was determined by the Mohr method 

(titration with silver nitrate, using potassium chromate as indicator). 

2.8. Microbiological assays 

Heterotrophic plate count by the spread plate method was used in order to estimate the 

number of live heterotrophic bacteria in the liquid effluent before and after treatment by CWPO 

[31]. For that purpose, 0.1 mL of starting sample and serial 10-fold dilutions were spread onto 

PCA plates under aseptic conditions and incubated at 28 oC during 5 days; counting was 

performed for plates displaying 10 – 100 colony-forming units (CFU), the results being reported 

as CFU per millilitre (CFU mL-1). All the procedure was performed in triplicate.  

The agar disk-diffusion method was used for the antimicrobial susceptibility testing of the 

liquid effluent before and after treatment by CWPO [32]. Klebsiella pneumoniae (Gram 

negative) and Bacillus cereus (Gram positive) were selected as test microorganisms. In each 

case, the bacteria were initially grown overnight in NB at 37 oC. Afterwards, MHA plates were 

inoculated with standardized inocula of the test microorganisms (0.5 McFarland; corresponding 

to 108 CFU mL-1). Then, antibiotics testing paper discs (6 mm diameter; Filtres Fioroni) 

containing 10 μL of the testing solution, previously sterilized by filtration (0.2 μm), were placed 

on the agar surface. Finally, possible inhibition growth zones surrounding the paper discs were 

evaluated after 16 and 24 h of incubation at 37 oC. The whole procedure was performed in 

triplicate. 
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3. Results and discussion 

3.1. Materials characterization 

Both the magnetic nanoparticles and the resulting MGNC materials developed for this work 

were extensively characterized. XRD and TEM analysis were performed in order to assess the 

molecular structure and morphology of these materials, the corresponding results being given 

in Figures 1 and 2, respectively. Fe3O4 exhibits the typical diffraction pattern of magnetite, with 

a lattice parameter a = 8.357 Å and a crystallite size of 16.6 ± 0.2 nm (cf. Figure 1a). As 

observed in Figure 1b, an impure phase was found in the diffraction pattern of NiFe2O4 in 

addition to nickel ferrite (a = 8.330 Å, crystallite size of 10.2 ± 0.5 nm), which was ascribed to 

the thermal treatment required for the crystallization of the amorphous materials with the 

inverse spinel structure. This additional phase was identified as hematite (a = 5.015 Å, c = 13.75 

Å, crystallite size of 16.6 ± 1.0 nm), corresponding to 21 wt.% of NiFe2O4, as determined by 

XRD analysis. As observed in Figure 1c, a similar phenomenon occurred during the synthesis 

of CoFe2O4. In this case hematite (a = 5.043 Å, c = 13.78 Å, crystallite size of 24.2 ± 0.5 nm) 

was found in addition to cobalt ferrite (a = 8.387 Å, crystallite size of 14.3 ± 0.2 nm), the impure 

phase corresponding to 24 wt.% of CoFe2O4.   

As detailed in our previous work [9], Fe3O4 nanoparticles were successfully encapsulated 

within a graphitic structure during the synthesis of Fe3O4/MGNC, resulting in a core-shell 

structure (cf. Figure 2a). As observed in Figure 1a, some changes in the magnetite phase 

occurred, maghemite (a = 8.379 Å), iron (a = 2.868 Å) and traces of hematite (proto) being 

identified in the diffraction pattern of Fe3O4/MGNC, in addition to magnetite (a = 8.343 Å) and 

graphite. Since magnetite nanoparticles are very sensitive to oxidation in the presence of 

oxygen, these phase modifications can be ascribed to the progressive oxidation of Fe2+ ions in 

the inverse spinel structure of magnetite to Fe3+ –  most likely during the Fe3O4/MGNC 
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synthesis step performed in liquid phase (i.e., in oxidative media), resulting in its partial 

oxidation to maghemite and hematite [33, 34].  

During the hierarchical co-assembly mechanism in the Fe3O4/MGNC synthesis, Fe3O4 

nanocrystals grow and spontaneously co-assemble by partially replacing F127/resol micelles; 

at the same time, carbon-carbon bonds are formed with the polymerization of resols and, upon 

thermal treatment, the copolymer F127 is eliminated, graphitic carbon frameworks being 

obtained with the participation of Fe3O4 as graphitization catalyst [35]. The average size of the 

magnetic core of Fe3O4/MGNC, 109 ± 35 nm, as determined from TEM measurements (cf. 

Figure 2b), suggests that the cores are mainly composed by agglomerates of magnetic 

nanoparticles (with crystallite sizes in the range 23 – 165 nm, depending on the phase, as 

determined by XRD analysis). These observations are in accordance with the hierarchical co-

assembly mechanism of the Fe3O4/MGNC synthesis.  

NiFe2O4/MGNC and CoFe2O4/MGNC were prepared by the same procedure used for the 

synthesis of Fe3O4/MGNC, except that Fe3O4 was replaced by NiFe2O4 and CoFe2O4, 

respectively. Therefore, the encapsulation of these magnetic nanoparticles within a graphitic 

shell is expected to occur through a similar route to that reported for Fe3O4. As observed in 

Figures 2c and e, both NiFe2O4 and CoFe2O4 nanoparticles were successfully encapsulated 

within graphitic structures during the synthesis of NiFe2O4/MGNC and CoFe2O4/MGNC, 

respectively, resulting in core-shell structures. Regarding the molecular structure, nickel (a = 

3.575 Å, crystallite size of 33 ± 5 nm) was identified in the diffraction pattern of 

NiFe2O4/MGNC, in addition to nickel ferrite (a = 8.348 Å, crystallite size of 19 ± 3 nm) and 

graphite (cf. Figure 1b); iron (a = 2.858 Å, crystallite size of 44 ± 1 nm) was identified in the 

diffraction pattern of CoFe2O4/MGNC, in addition to cobalt ferrite (a = 8.363 Å, crystallite size 

of 33 ± 2 nm) and graphite (cf. Figure 1c). Once again, when the average size of the magnetic 

cores of NiFe2O4/MGNC and CoFe2O4/MGNC (36 ± 15 nm and 56 ± 18 nm respectively, as 

determined from TEM measurements, cf. Figures 2d and f), are compared to the size of parent 
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NiFe2O4 and CoFe2O4 (11 ± 3 nm and 14 ± 4 nm respectively, cf. the insets of Figures 2d and 

f), it is suggested that the cores of these MGNC materials are mainly composed by agglomerates 

of magnetic nanoparticles. 

FIGURE 1 

FIGURE 2 

The texture and surface chemistry of the MGNC materials were further characterized by 

TGA analysis, N2 adsorption-desorption isotherms and pHPZC. The TGA analysis of 

Fe3O4/MGNC (cf. Figure S1a, in supplementary material) reveals 27.3 wt.% of ashes, 

corresponding to the mass fraction of Fe3O4 encapsulated in Fe3O4/MGNC. Likewise, the ash 

contents of NiFe2O4/MGNC and CoFe2O4/MGNC are 10.4 wt.% and 14.4 wt.%, respectively 

(cf. Figure S1b and c). It was also found that all the MGNC materials are stable up to 400 ºC 

under oxidizing atmosphere. The N2 adsorption-desorption isotherms at -196 oC of the MGNC 

materials (cf. Figure S2) denote the presence of mesoporosity (as revealed by the progressive 

increase of the amount of N2 adsorbed at higher relative pressures) and microporosity (as 

revealed by the amount of N2 adsorbed at low relative pressure). The detailed textural properties 

of the MGNC materials are given in Table 2. As observed, similar textural properties are 

obtained regardless of the composition of the magnetic core. Nevertheless, as reflected by the 

pHPZC values also given in Table 2, the overall surface chemistry is slightly affected. If the 

values of pHPZC obtained for Fe3O4/MGNC (7.1), NiFe2O4/MGNC (8.7) and CoFe2O4/MGNC 

(9.0) are compared with those recently reported in the literature for their main metal oxide 

constituents [36, 37], namely Fe3O4 (6.2 – 7.4), NiFe2O4 (6.7 – 10.2) and CoFe2O4 (7.5 – 10.1), 

it is suggested that the pHPZC of the MGNC materials are mainly determined by the different 

contributions of the metal oxides detected by XRD. 

TABLE 2 
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3.2. Screening of the hybrid magnetic graphitic nanocomposites in CWPO 

The performance of the MGNC materials when applied in CWPO was initially evaluated 

through experiments performed with highly loaded 4-NP solutions (5 g L-1, corresponding to a 

TOC content similar to that of the liquid effluent considered in Section 3.4), under the 

experimental conditions described in Section 2.6. In order to optimize the efficiency of catalyst 

usage, the catalyst dosage was kept very low when compared to the pollutant concentration, 

with a fixed pollutant/catalyst mass ratio as high as 10. As observed in Figure 3, the 4-NP 

removal obtained after 8 h in the non-catalytic experiment is negligible when compared to that 

obtained in the presence of the MGNC catalysts. Among the composite materials, the catalyst 

resulting from the inclusion of CoFe2O4 within a carbon shell (CoFe2O4/MGNC) reveals the 

highest activity for the CWPO of 4-NP. In this case, complete 4-NP conversion is obtained in 

3 h, corresponding to a very high pollutant mass removal of 3333 mg g-1 h-1. This enhanced 

activity in CWPO can be ascribed to the presence of Co species, as observed in previous works 

[24, 38]. The apparent catalytic activity of the material resulting from the inclusion of NiFe2O4 

within a carbon shell (NiFe2O4/MGNC) is also superior to that obtained with the material with 

the Fe3O4 core (Fe3O4/MGNC). However, by comparing the leaching of Fe species at the end 

of the CWPO runs performed with Fe3O4/MGNC (1.8 mg L-1), NiFe2O4/MGNC (3.2 mg L-1) 

and CoFe2O4/MGNC (0.9 mg L-1), it is observed that the NiFe2O4/MGNC catalyst exhibits the 

lowest stability. On the contrary, the CoFe2O4/MGNC catalyst reveals an enhanced resistance 

to the leaching of Fe species, which can also be ascribed to the presence of Co species, as 

detailed in a previous work [38]. However, as Co is oxidized during CWPO, its susceptibility 

to undergo leaching to the treated waters is expected to increase [38]. In order to confirm this 

hypothesis, the leaching of Co from the CoFe2O4/MGNC catalyst was determined at the end of 

the CWPO run depicted in Figure 3. Although under these conditions the leaching of Co 

amounts to 10.7 mg L-1, there are a lack of standards for treated wastewater and even for 
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drinking water [39]. Likewise, the leaching of Ni species at the end of the CWPO experiment 

performed with NiFe2O4/MGNC was also determined (4.2 mg L-1). 

FIGURE 3 

Due to the best overall performance in the screening experiments, CoFe2O4/MGNC was 

object of additional studies. A pure adsorption run was performed in order to assess the possible 

adsorption influence on the removal of 4-NP by CWPO. As observed in Figure 4a, the removal 

of 4-NP obtained in the pure adsorption run performed with CoFe2O4/MGNC is negligible, 

corresponding to 0.7% of the initial content of 4-NP. This negligible percent adsorption removal 

of 4-NP can be ascribed to the very low CoFe2O4/MGNC dosage when compared to the 

pollutant concentration, as reflected by the 4-NP/catalyst mass ratio of 10. The evolution of 

COD, TOC and H2O2 consumption during the CWPO run performed with CoFe2O4/MGNC is 

also shown in Figure 4a. As observed, TOC and COD removals of 54.4% and 74.2% were 

respectively obtained. At the same time, the consumption of H2O2 amounts to 71.0%, 

representing high efficiencies of TOC and COD removals per unit of H2O2 decomposed.   

A leaching test was performed in order to evaluate the heterogeneous nature of the 

CoFe2O4/MGNC catalyst, as described in Section 2.6. As observed in Figure 4b, when the 

CoFe2O4/MGNC catalyst is removed after 30 min of reaction, the reaction solution reveals 

negligible activity in the CWPO of 4-NP, considering both 4-NP and TOC removals. This 

observation confirms the predominant role of heterogeneous CWPO promoted by 

CoFe2O4/MGNC.  

The participation of HO• radicals in the process was indirectly evaluated. For that purpose, 

tert-butanol (tBuOH) – a strong HO• scavenger [25], was added before a CWPO experiment 

performed in the presence of CoFe2O4/MGNC. When the CWPO runs performed in the 

presence and absence of tBuOH are compared (cf. Figure 4c), it is observed that the removal of 

4-NP is greatly suppressed by tBuOH. Although not directly supported by quantification of the 

HO• radicals formed during the process, this indirect result suggests the ability of 
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CoFe2O4/MGNC to efficiently promote the decomposition of H2O2 via HO• formation. 

Furthermore, the aromatic by-products detected during the CWPO of 4-NP in the presence of 

CoFe2O4/MGNC (cf. Figure 5a) are in agreement with a reaction mechanism including the 

attack of the 4-NP molecule by HO• radicals, as reported in our previous works [9, 26]. Further 

attack of HO• radicals on the aromatic intermediate compounds leads to the opening of the 

aromatic ring, and thus to the formation of a series of low molecular weight carboxylic acids 

(cf. Figure 5b). In addition, NO3
- can be produced from the –NO2 group subtraction from the 

4-NP aromatic ring under the oxidation conditions employed [26]. Based on the NO3
- 

concentrations shown in Figure 5b, it can be concluded that at least 50.8% of the total nitrogen 

initially present in the 4-NP 5 g L-1 solution was effectively subtracted from the main aromatic 

ring after 4 h of CWPO in the presence of the CoFe2O4/MGNC catalyst.     

FIGURE 4 

FIGURE 5 

3.3. Development of an in-situ magnetic separation system for catalyst recovery 

In order to take advantage of the magnetic properties of CoFe2O4/MGNC, a lab-scale 

magnetic separation system was designed for in-situ catalyst recovery after the CWPO reaction 

stage. For that purpose, a switchable magnetic stand was coupled with the reactor after the 

reaction stage (as described in Section 2.6.), allowing to perform reaction/separation sequential 

stages in a single vessel, thus avoiding the separation of the heterogeneous catalysts by filtration 

and/or centrifugation. As observed in Figure 6, this technique was successfully employed for 

the recovery of the CoFe2O4/MGNC catalyst after the CWPO run performed with 4-NP (5 g L-

1), ca. 98% of the treated water being collected. An image of the glass reactor coupled with the 

magnetic stand is provided in Figure 6a. In order to estimate the efficiency of catalyst recovery, 

the CoFe2O4/MGNC collected after the CWPO run was dried overnight at 60 oC and then 

weighed. Reaction/separation sequential experiments performed in triplicate allowed to 
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determine the percentage of catalyst recovery. It was found that 77.0 ± 6.1 wt.% of the initial 

CoFe2O4/MGNC load is recovered by implementing the proposed in-situ magnetic separation 

system, a value well above the 57.9 ± 2.4 wt.% recovered by conventional filtration. The direct 

benefit of magnetic separation for the recovery of the catalyst in the same unit that is used in 

the CWPO experiments is thus demonstrated. With this in mind, in-situ magnetic separation 

will be further explored in the reusability cycles performed in Section 3.4.3. 

FIGURE 6 

3.4. CWPO of the liquid effluent from a MBT plant for municipal solid waste 

Herein, the suitability of the most active and stable catalytic system obtained in Section 3.2 

for the CWPO of the liquid effluent collected from a MBT plant is evaluated. As detailed in 

Table 1, this effluent contains a high pollutant load, due to the presence of organic (9,206 mg 

L-1 COD; 2,046 mg L-1 TOC), inorganic (14,350 mg L-1 bicarbonates; 2,833 mg L-1 chlorides) 

and biological (14.7 × 104 CFU mL-1 total heterotrophic bacteria cultivable at 28 oC) species. 

According to the BOD5/COD ratio, which is widely used as an indicator of the biodegradability 

of liquid effluents, a wastewater is considered easily treatable by biological means if the 

BOD5/COD ratio is 0.5 or larger [31]. On the contrary, a BOD5/COD ratio below 0.3 suggests 

the presence of toxic components, the wastewater being not biodegradable or acclimated 

microorganisms being required for its biological treatment [31]. The liquid effluent considered 

in this work is not expected to be prone to degradation by conventional biological treatments, 

according to the low BOD5/COD ratio of 0.21. It is also known that both bicarbonates and 

chlorides can act as HO• radical scavengers. Although several reactions involving bicarbonate 

and chloride ions may occur in the bulk, the HO• radical scavenging effect promoted by these 

inorganic species results mainly from their direct reaction with HO• radicals. The reaction of 

bicarbonate ions with HO• radicals can be described by Eq. 4 [40], while the reaction of chloride 

ions with HO• radicals proceeds through the mechanism described by Eqs. 5 and 6 [41]. 
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Therefore, the presence of these inorganic species is expected to hinder the performance of 

CWPO for the treatment of the liquid effluent considered in this work. Bearing this in mind, 

the operating conditions that maximize the performance of CWPO for the treatment of the liquid 

effluent from the MBT plant in the presence of CoFe2O4/MGNC were thoroughly investigated.        

HO• + HCO3
- → CO3

•- + H2O (4) 

HO• + Cl- → HOCl•- (5) 

HOCl•- + H+ → Cl• + H2O (6) 

3.4.1.  CWPO process optimization: the crucial role of the operating pH  

The operating conditions used in Section 3.2 were initially employed in this Section, the 

catalyst dosage being kept very low when compared to the effluent COD. Taking into account 

the possible catalytic contribution of the Fe species present in the liquid effluent collected from 

the MBT plant (6.4 mg L-1, cf. Table 1), a preliminary experiment was performed without added 

catalyst. In spite of the Fe content and the high complexity of the liquid effluent, the COD 

removal obtained after 24 h of reaction under these conditions was only 12.8%, representing 

less than a third of that obtained in the presence of CoFe2O4/MGNC (0.5 g L-1). This result 

highlights the role of CWPO promoted by CoFe2O4/MGNC. 

Seeking for CWPO process optimization, the influence of H2O2 dosage was then evaluated. 

Based on the results obtained in CWPO runs performed with H2O2 concentrations in the range 

13.9 – 34.7 g L-1 (results not shown), it was found that the best performance is achieved when 

employing [H2O2]0 = 27.7 g L-1 (corresponding to 1.2-fold the stoichiometric amount 

theoretically needed to reduce the effluent COD and to neutralize the HO• radical scavenging 

effect promoted by the chlorides dissolved in the effluent, as described by Eqs. 5 and 6). 

Therefore, additional experiments were performed with this H2O2 dosage.  

It is noteworthy that the bicarbonate equilibrium concentration in water depends on the pH, 

as described by the acid ionization reactions, Eqs. 7-8, and corresponding acid-dissociation 
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constants [42]. At the natural pH of the liquid effluent considered in this work (8.2) and given 

concentrations of dissolved matter and ions, the prevailing species is the bicarbonate ion (HCO3
-

). In addition to the HO• radical scavenging described by Eq. 4, the negative effect of HCO3
- is 

particularly significant in the case of CWPO, since H2O2 can be directly decomposed through 

the parasitic reaction described by Eq. 9 [43], even before HO• formation. However, this 

parasitic reaction can be avoided by decreasing the solution pH to values below 6.35; in this 

case, HCO3
- is converted to carbonic acid (H2CO3) – which is subsequently decomposed into 

carbon dioxide (which escapes the solution for the gas phase) and water (cf. Eq. 10) [44]. 

Therefore, based on the presence of bicarbonate species (14,350 mg L-1), operating at pH < 6.35 

is expected to favour the performance of CWPO for the treatment of the liquid effluent 

considered in this work. 

H2CO3(aq) ⇆ H+(aq) + HCO3
-(aq)  pKa1 = 6.35 (7) 

HCO3
-(aq) ⇆ H+ + CO3

2–(aq) pKa2 = 10.33 (8) 

HCO3
-(aq) + H2O2(aq) ⇆ HCO4

-(aq) + H2O(aq)  (9) 

H2CO3(aq) ⇆ CO2(g) + H2O(l)  (10) 

Nevertheless, the presence of chlorides should also be taken into account in this analysis. As 

discussed elsewhere for the H2O2/UV process, the solution pH can also affect the extent of the 

HO• radical scavenging reaction described by Eq. 5 [45]. Specifically, the rate constant for the 

reaction described in Eq. 5 is 4.3 × 109 L mol-1 s-1; however, the hypochlorous radical (HOCl•-

) formed by the reaction described in Eq. 5 is able to dissociate back to HO• radical and chloride 

ion (Cl-), the dissociation rate constant being 6.1 × 109 s-1 [45]. As described by Eq. 6, HOCl•- 

can also be converted into chlorine radicals (Cl•) and water through a protonation reaction with 

the rate constant of 2.1 × 1010 L mol-1 s-1, in this case the reverse rate reaction being much 

smaller (1.3 × 103 s-1) [45]. Therefore, it is expected that the formation of Cl• by the protonation 
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reaction described in Eq. 6 increases as the solution pH decreases, thus promoting the 

scavenging reaction described by Eq. 5. In this case, the critical point affecting the extent of 

HO• radical scavenging is the pKa of the reverse reaction (i.e., the deprotonation reaction) 

described by Eq. 6 (7.2). Thus, it can be concluded that Cl• is the prevailing species at solution 

pH < 7.2, while HOCl•- becomes the dominant species when pH > 7.2, thus decreasing the 

consumption of HO• radicals by the reaction described by Eq. 5. Therefore, based on the 

presence of chloride species (2,833 mg L-1), operating pH > 7.2 is expected to favour the 

performance of CWPO for the treatment of the liquid effluent considered in this work.  

Summarizing, the solution pH is expected to significantly affect the performance of CWPO 

for the treatment of the effluent from the MBT plant. On one hand, pH < 6.35 limits the negative 

effect of bicarbonates; while, on the other hand, pH > 7.2 limits the negative effect of chlorides. 

Therefore, the selection of the optimum pH may be considered as the crucial step to achieve the 

operating parameters that maximize the performance of the liquid effluent treatment by CWPO 

in the presence of CoFe2O4/MGNC. 

Bearing this in mind, the individual effect of the operating pH on the efficiency of CWPO 

was evaluated in the range 2.5 – 8. For that purpose, COD, TOC, aromaticity and H2O2 

conversions were determined, as shown in Figure 7a. The efficiency of CWPO for the treatment 

of the liquid effluent from the MBT plant tends to increase as the pH increases in the range 2.5 

– 6, whereas it dramatically decreases for pH > 6. This phenomenon – which can be ascribed 

to the presence of bicarbonates and chlorides – confirms the crucial role of the operating pH in 

the CWPO of the liquid effluent considered in this work, as previously discussed. At pH > 6, 

97% of the initial H2O2 dosage is consumed within the first 30 min of reaction, most likely due 

to the fast reaction with HCO3
-, as described by Eq. 9. At pH < 6, the HO• radical scavenging 

by Cl- is increasingly significant, thus hindering the efficiency of the CWPO process. Therefore, 

pH = 6 can be considered the optimum operating pH, since it allows to maximize the 

performance of the liquid effluent treatment by CWPO in the presence of CoFe2O4/MGNC. 
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Additional insights on the COD, TOC, H2O2 and aromaticity conversions, and absorbance 

spectra evolution as a function of time in the CWPO run performed under the optimized 

conditions are given in Figures 7b and c, respectively. As observed, fast conversions of COD, 

TOC, aromaticity and H2O2 are obtained in the first 8 h of CWPO. Up to that point, ca. 93% of 

the effluent aromaticity is already converted; while from 8 to 24 h of reaction, an increase of 

only ca. 2% is observed in the aromaticity conversion. However, the TOC content of the effluent 

decreases ca. 14% during the same period, while the absorbance spectra also evolved 

favourably (cf. Figure 7c), revealing that the treatment reactions still proceed although at a 

lower rate. These observations suggest that recalcitrant by-products are formed when the 

aromatic compounds are attacked by HO• radicals (cf. demonstrated in Section 3.2.). This 

mechanism is also suggested by the changes in the solution pH observed during the treatment 

by CWPO (cf. Figure 7b). Specifically, pH decreases from 6 (i.e., the initial pH) to 5.4 in the 

first 2 h, suggesting the formation of low molecular weight carboxylic acids; afterwards the pH 

gradually increases up to 6.5 at the end of the reaction, suggesting that the CWPO treatment is 

able to mineralize most of these carboxylic acids although at an apparently lower rate when 

broad parameters, like COD and TOC are considered. After 24 h of CWPO, ca. 95% of the 

effluent aromaticity is converted under these operating conditions, while ca. 55% of the initial 

COD and TOC are effectively removed. The H2O2 consumption during the treatment represents 

ca. 98% of the initial dosage.  

The BOD5 of the treated water was also determined in order to estimate the effect of CWPO 

on the biodegradability of the liquid effluent. It was found that the BOD5 is slightly affected 

during the process, a decrease from 1,933 mg L-1 to 1,760 mg L-1 being observed. At the same 

time the COD decreased from 9,206 mg L-1 to 4,164 mg L-1. Accordingly, the BOD5/COD ratio 

of the treated water is 0.42, representing a 2-fold increase when compared to the BOD5/COD 

ratio of the liquid effluent (0.21). A BOD5/COD ratio in the range 0.3 – 0.5 suggests that the 

wastewater is treatable by biological means [31]. It can be therefore concluded that the 
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biodegradability of the liquid effluent is enhanced during the treatment by CWPO in the 

presence of CoFe2O4/MGNC.  

In addition, the dissolved Fe content was measured at the end of the CWPO runs performed 

with operating pH in the range 2.5 – 6. The highest value was found in the experiment 

performed at pH = 2.5, corresponding to a Fe concentration of 1.04 mg L-1; on the other hand, 

the lowest value was obtained in the experiment performed at pH = 6 (0.27 mg L-1). However, 

it should be noted that the liquid effluent considered in this work is very complex. Although the 

total Fe content present in the effluent is 6.4 mg L-1, the amount of dissolved Fe species, i.e., 

those obtained after filtration (0.2 μm), actually depends on the pH. For instance, the inherent 

dissolved Fe content of the effluent is 0.96 mg L-1 after 24 h at pH = 3, but this value decreases 

to 0.15 mg L-1 after 24 h at pH = 6. Therefore, the dissolved Fe content determined at the end 

of the CWPO runs cannot be fully ascribed to leaching from the CoFe2O4/MGNC catalyst. 

Likewise, the dissolved Co content at the end of the CWPO run performed at pH = 6 was also 

determined (0.58 mg L-1); it can be considered very low, in particular when compared to the 

inherently dissolved Co content in the effluent (0.12 mg L-1, cf. Table 1).     

FIGURE 7 

3.4.2.  Disinfection and antimicrobial activity 

Regarding the bacterial population, heterotrophic plate count is a procedure widely used to 

evaluate the performance of treatment processes, since it allows to estimate the number of live 

heterotrophic bacteria in a given water or wastewater [31]. As described in Section 2.8., the 

spread plate method was used in this work. The selected incubation temperature was 28 oC, 

since it favours the growth of waterborne bacteria, thus yielding higher bacterial plate counts 

when compared to that obtained at lower or higher incubation temperatures [46-48]. Under this 

context, total heterotrophic bacteria in the treated water were estimated in order to assess the 

effect of CWPO on the effluent autochthonous microbial population (14.7 × 104 CFU mL-1 total 
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heterotrophic bacteria cultivable at 28 oC). After incubation at 28 oC during 5 days, not a single 

colony was found in the plate count performed in triplicate, even in the undiluted treated water 

samples. Therefore, although this was not the main goal of the treatment proposed, it can be 

concluded that disinfection of the effluent was achieved upon the CWPO treatment employed 

in the presence of CoFe2O4/MGNC under the optimum operating conditions considered (i.e., 

[CoFe2O4/MGNC] = 0.5 g L-1, T = 80 oC, pH = 6 and [H2O2]0 = 27.7 g L-1). 

Additional microbiological assays were performed in order to evaluate the antimicrobial 

activity of the liquid effluent before and after treatment by CWPO. As described in Section 2.8., 

the agar disk-diffusion method was used for the antimicrobial susceptibility testing. For that 

purpose, Klebsiella pneumoniae (Gram negative) and Bacillus cereus (Gram positive) were 

selected as test microorganisms. After 16 and 24 h of incubation at 37 oC, the absence of 

inhibition growth zones surrounding the testing paper discs containing both the effluent and the 

treated water samples was observed. These qualitative results reveal that both selected 

microorganisms are resistant to the effluent, either before or after treatment by CWPO, 

suggesting that the toxicity of the liquid effluent from the MBT plant is not increased during its 

treatment by CWPO under the optimum operating conditions determined in Section 3.4.1. 

3.4.3.  Reusability cycles implementing in-situ magnetic separation for catalyst recovery 

Catalyst separation and long-term stability are crucial aspects for the feasibility of the 

proposed water treatment process in large scale applications. Therefore, once the catalytic 

system and the CWPO process were optimized, the benefits of magnetic separation for the 

recovery of the catalyst were explored by performing a series of five CWPO reaction/separation 

sequential experiments in the same vessel with consecutive reuse of the CoFe2O4/MGNC 

catalyst, as depicted in Figure 8. For that purpose, the in-situ magnetic separation system 

developed in Section 3.3 was employed for catalyst recovery at the end of each CWPO cycle, 

the treated water being collected afterwards. In order to ensure equal catalyst dosage throughout 
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all the reusability cycles (0.5 g L-1), 23 wt.% of the initial catalyst load was added (i.e., 0.115 g 

L-1; corresponding to the mass fraction lost due to sampling and treated water collection), and 

a new CWPO run was performed upon the addition of fresh liquid effluent. As observed in 

Figure 9, the efficiency of CWPO for the treatment of the liquid effluent from the MBT plant 

is maintained throughout the five cycles performed in the presence of CoFe2O4/MGNC under 

the optimum operating conditions determined in Section 3.4.1. Under these conditions, the 

COD, TOC, aromaticity and H2O2 conversions obtained after 24 h of reaction with 

CoFe2O4/MGNC are not particularly affected by the successive reuse of the catalyst, thus 

revealing its high stability for CWPO, and high potential for large scale applications. This 

stability feature for CWPO can be ascribed to the resistance of the CoFe2O4/MGNC catalyst 

against the leaching of Fe species – which is typically the main cause of catalyst deactivation 

[8, 14], as highlighted by measuring the dissolved Fe content at the end of each CWPO cycle. 

Specifically, the highest value was obtained in the first cycle, corresponding to 0.27 mg L-1. 

From the second to the fifth cycle, the dissolved Fe content was in the range 0.13 – 0.17 mg L-

1, the lowest value being obtained after the fifth cycle. The dissolved Fe content obtained after 

the fifth CWPO cycle is similar to the dissolved Fe content inherent to the liquid effluent (0.15 

mg L-1; as discussed in Section 3.4.1), confirming the high resistance of the CoFe2O4/MGNC 

catalyst to the leaching of Fe species. Regarding the leaching of Co species, the lowest value 

was obtained in the first CWPO cycle (0.58 mg L-1), while the highest value was obtained in 

the third cycle (4.55 mg L-1). The leaching of Co species in the remaining cycles was in the 

range 1.92 – 2.64 mg L-1, the lowest value being obtained after the fifth cycle. These results 

suggest that Co species are more susceptible to undergo leaching from the catalyst to the treated 

waters than Fe species, which is in line with the results previously reported on the application 

of bimetallic iron-cobalt magnetic carbon xerogels in CWPO [38].       

FIGURE 8 

FIGURE 9 
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4. Conclusions 

All the hybrid magnetic graphitic nanocomposites developed in this work revealed catalytic 

activity in the CWPO of 4-NP. Nevertheless, the best performance was achieved with the 

material resulting from the inclusion of CoFe2O4 into a graphitic structure during the synthesis 

of CoFe2O4/MGNC. 

The efficiency of CWPO for the treatment of the effluent from a MBT plant was strongly 

influenced by the operating pH, a phenomenon which was ascribed to the presence of 

bicarbonates and chlorides. At pH > 6, H2O2 is readily consumed due to the fast reaction with 

HCO3
-; while at pH < 6, the HO• radical scavenging by Cl- hinders the efficiency of the CWPO 

process. Based on the COD, TOC, H2O2 and aromaticity conversions obtained, pH = 6 was 

considered the optimum operating pH for the liquid effluent treatment by CWPO in the presence 

of CoFe2O4/MGNC. The biodegradability of the liquid effluent was enhanced during the 

treatment, as reflected by the 2-fold increase of the BOD5/COD ratio obtained. In addition, 

disinfection of the liquid effluent was achieved and the treated water revealed no toxicity 

against selected bacteria. 

A magnetic separation system was developed for the in-situ recovery of the CoFe2O4/MGNC 

catalyst after the CWPO reaction stage. The high stability of CoFe2O4/MGNC for the CWPO 

of the liquid effluent considered in this work was demonstrated by performing a series of five 

CWPO reaction/separation sequential experiments in the same vessel.  

The ability of the developed catalytic system to enable the treatment of the liquid effluent 

from a MBT plant for MSW by CWPO – in spite of its very high concentration of chlorides 

and bicarbonates, and in a wide range of operating pH – opens future prospects for the 

applicability of this wastewater treatment technology.  
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TABLES 

Table 1. Characterization of the liquid effluent from the MBT plant for MSW located in 

Northern Portugal, as determined in triplicate measurements 

Parameter Value Units 

Chemical oxygen demand (COD) 9206 ± 284 mg L-1 

Biochemical oxygen demand (BOD5) 1933 ± 153 mg L-1 

Total organic carbon (TOC) 2046 ± 16 mg L-1 

Chlorides 2833 ± 14 mg L-1 

pH at 25 oC 8.20 ± 0.01 Sørensen scale 

Total Fe content 6.4 ± 0.1 mg L-1 

Dissolved Co content 0.12 ± 0.01 mg L-1 

Total heterotrophic bacteria cultivable at 28 oC 14.7 ± 2.1  × 104 CFU mL-1 

Conductivitya 23933 ± 4554 μS cm-1 

Bicarbonatesa 14350 ± 50 mg L-1 

Ammonia nitrogena 2300 ± 285 mg L-1 

Total hydrocarbonsa 4 ± 1 mg L-1 
a As determined in quarterly analysis provided by the intermunicipal company.   

 

Table 2. Properties of the MGNC materials: specific surface area (SBET), non-microporous 

specific surface area (Smeso), micropore volume (Vmicro), total pore volume (Vtotal), average 

pore diameter (dpore) and pH at the point of zero charge (pHPZC) 

Material 

Parameter  

SBET 

(m2 g-1) 

Smeso 

(m2 g-1) 

Vmic 

(cm3 g-1) 

Vtotal 

(cm3 g-1) 

dpore 

(nm) 
pHPZC 

Fe3O4/MGNC 330 170 0.07 0.31 3.75 7.1 

NiFe2O4/MGNC 345 135 0.10 0.29 3.36 8.7 

CoFe2O4/MGNC 330 170 0.07 0.31 3.75 9.0 
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FIGURE CAPTIONS 

Figure 1. XRD diffraction patterns of (a) Fe3O4 and Fe3O4/MGNC, (b) NiFe2O4 and 

NiFe2O4/MGNC, and (c) CoFe2O4 and CoFe2O4/MGNC. Standard reference patterns of 

magnetite (crystallography open database code: 9005840), nickel ferrite (crystallography open 

database code: 2300289) and cobalt ferrite (crystallography open database code: 1535820) are 

also given for comparison. 

Figure 2. TEM micrographs: (main) of (a) Fe3O4/MGNC, (c) NiFe2O4/MGNC and (e) 

CoFe2O4/MGNC; and (inset) of (a) Fe3O4, (c) NiFe2O4 and (e) CoFe2O4. Histogram of particle 

size distribution: (main) of the metal core of (b) Fe3O4/MGNC, (d) NiFe2O4/MGNC and (f) 

CoFe2O4/MGNC; and (inset) of (b) Fe3O4, (d) NiFe2O4 and (f) CoFe2O4, as determined by TEM 

measurements.  

Figure 3. 4-NP and H2O2 conversions obtained as a function of time in CWPO runs performed 

with the MGNC materials. Experiments performed with [4-NP]0 = 5 g L-1, [catalyst] = 0.5 g L-

1, T = 80 oC, pH = 3 and [H2O2]0 = [H2O2]Stoichiometric = 17.8 g L-1. 

Figure 4. (a) 4-NP, COD, TOC and H2O2 conversions as a function of time in the CWPO run 

performed with CoFe2O4/MGNC; 4-NP removals by adsorption are also shown for comparison. 

(b) 4-NP and TOC removals obtained during the “leaching test” performed with 

CoFe2O4/MGNC (i.e. where the catalyst was removed from the solution after 30 min of 

reaction). (c) Effect of tert-butanol (tBuOH) on the CWPO removal of 4-NP when using 

CoFe2O4/MGNC. Experiments performed under the conditions given in Figure 3. 

Figure 5. Evolution of aromatic (a) and non-aromatic (b) by-products of 4-NP oxidation, when 

using CoFe2O4/MGNC in the CWPO process developed under the conditions given in Figure 

3. 

Figure 6. in-situ magnetic separation of CoFe2O4/MGNC at the end of the CWPO stage 

performed with the aid of a Mitutoyo 7033B switchable magnetic stand (clamping force 600 
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N); (a) front and (b) top view of the glass reactor immediately after the recovery of the treated 

water and (c) top view of the reactor after the drying process (60 oC) for catalyst recovery. 

Figure 7. (a) Effect of pH on COD, TOC, H2O2 and aromaticity conversions obtained after 24 

h in CWPO runs performed with CoFe2O4/MGNC. (b) COD, TOC, H2O2, aromaticity [left 

axis], solution pH [right axis] and (c) absorbance spectra evolution as a function of time in the 

CWPO run performed at pH 6; Experiments performed with the liquid effluent collected from 

a MBT plant, [CoFe2O4/MGNC] = 0.5 g L-1, T = 80 oC, pH = 6 and [H2O2]0 = 27.7 g L-1.  

Figure 8. Experimental procedure during the CWPO reusability cycles performed with the 

liquid effluent collected from a MBT plant and CoFe2O4/MGNC.  

Figure 9. COD, TOC, H2O2 and aromaticity conversions obtained after 24 h in a series of five 

CWPO runs performed with consecutive reuse of CoFe2O4/MGNC. Experiments performed 

with the liquid effluent collected from a MBT plant, [CoFe2O4/MGNC] = 0.5 g L-1, T = 80 oC, 

pH = 6 and [H2O2]0 = 27.7 g L-1. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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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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