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Abstract 

Purpose 
Hybrid magnetite/maghemite nanoparticles (MNP) coated by waste-sourced Bio-Based Substances (BBS) have been 
synthesized and studied for the degradation of phenol, chosen as model pollutant, in water. 
Methods 
A systematic study has been undertaken in order to rationalize MNP-BBS behavior and optimize its performance. The 
effect of experimental parameters, such as light irradiation, added hydrogen peroxide and the ratio hydrogen 
peroxide/MNP-BBS concentrations, was studied. The generation of hydroxyl radicals was assessed, and the recovery 
and re-cycle of the material was investigated. 
Results 
The obtained results indicate that the phenol degradation can be attained by both Fenton and photo Fenton 
processes, with higher efficiency in dark condition, in the presence of a suitable amount of hydrogen peroxide. 
Evidence has been obtained on the role of iron ions leached from the materials as well as of organic matter released in 
solution upon partial photodegradation of the organic coating. The reusability tests indicate a lower but still 
acceptable performance of the material.  
Conclusions 
The optimization of the experimental conditions to achieve the highest efficiency in substrate degradation was 
performed and fundamental insights into the MNP-BBS Fenton-like reaction mechanism were obtained. Furthermore, 
an odd aspect in the material synthesis via coprecipitation has been evidenced, which should be taken into account 
for future studies.       
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1. Introduction 
 
The United Nations General Assembly has acknowledged access to water as a fundamental human right [1]. The need 
to preserve global freshwater resources and water-related ecosystems, to attain universal and equitable access to 
drinking water and sanitation and to prepare for water-related disasters is unwaveringly included in the targets of 
several of the United Nations Sustainable Development Goals [2]. Goal 6 reads “Ensure access to water and sanitation 
for all” [3], therefore implying the need of making big effort to secure and, when compromised, restore water quality. 
At this purpose an aspect raising concern is the awareness of the presence, even in effluents from water treatment 
facilities, of the so-called contaminants of emerging concern (CECs). They consist of a wide range of xenobiotic 
chemicals (from pharmaceuticals and personal care products to persistent organic pollutants used in many industrial 
processes). 
Many of these substances have been demonstrated to be harmful to the environment, public health and aquatic 
systems [4] and therefore their complete removal through an effective tertiary water treatment is required. Among 
the available technologies that may be used to remove these pollutants advanced oxidation processes (AOPs), 
through the generation of highly reactive species which are able to mineralize most organic molecules, yielding CO2 
and inorganic ions as final products, have been considered a viable option [5]. Among AOPs iron based technologies, 
pioneered by Fenton and photo-Fenton processes [6,7] have been demonstrated to be efficient and promising for 
removal of organic recalcitrant contaminants [8,9]; they are based on the reaction between hydrogen peroxide as an 
oxidant and iron ions as a catalyst to produce highly reactive ·OH radicals with oxidation potential of 2.8 V. Being one 
of the main drawbacks of Fenton (and related) processes, the need of operating at acidic pH, and the iron 
precipitation, relevant research effort has been directed to optimize operational parameters. A significant advance 
has been represented by the use, in recent years, of many Fe(III)/Fe(II) complexes, in the presence of H2O2, as 
homogeneous Fenton reagent. They have been indeed demonstrated to be able to efficiently remove several organic 
pollutants, especially highly toxic chemicals and recalcitrant compounds [10-14]. More recently the attention has been 
focused on the possibility to use magnetic iron oxides (magnetite/maghemite nanoparticles, MNP in the following), 
due to their unique physicochemical properties; the presence of Fe(II) can indeed improve the ·OH radicals production 
through the Fenton reaction [12]. Moreover, MNP can be easily separated from the heterogeneous system at the end 
of the treatment due to their magnetic properties and reused for successive treatments. Recent work demonstrated 
the effectiveness of the magnetic iron oxides in promoting the degradation of organic pollutants under UVA 
irradiation [13,15]. Unfortunately, in a natural oxygen containing atmosphere, these oxides are sensitive to oxidation, 
yielding non-magnetic hematite and the stabilization with an organic coating is usually carried out. In general, the 
addition of chelating anions or polymeric complexing during the magnetite formation enhances the iron oxide stability 
(in particular, avoiding oxidation) [16-18]. 
Recently waste-sourced Bio-Based Substances (BBS) have been proposed as coating [18] for the synthesis of MNP to 
be tested in pollutant abatement; the choice stems from the previously observed beneficial effect of BBS on photo-
Fenton pollutant degradation [19-20]. Moreover the use of residual biowaste-derived substances as source of organic 
coating allows the valorization of urban and/or agricultural biowastes thus re-entering them into the economic cycle, 
in line with the model of a Circular Economy, struggling for a zero waste approach [21]. 
Preliminary encouraging results have been obtained when using hybrid BBS-magnetite/maghemite nanoparticles 
(MNP-BBS) for the photodegradation of caffeine, chosen as CECs representative molecule [22,23]. Franzoso et al. [23] 
investigated different MNP-BBS with different BBS contents, demonstrating that the hybrid system MNP-BBS with the 
best (photo)Fenton-like activity in caffeine degradation was that containing 2% wt. of organic matter. For this reason, 
this work focuses on the same material in order to rationalize its behaviors and optimize its performance through a 
systematic study. Phenol was chosen as target substrate; the effect of experimental parameters was studied; the 
recovery and re-cycle of the material was investigated. 
For the preparation of MNP-BBS, coprecipitation synthesis was applied, adding BBS molecules to stabilize the MNP 
from the natural oxidation. The coprecipitation reaction is a very widely used methodology to prepare magnetic 
materials containing magnetite/maghemite. Although some of the main problems relative to the optimal 
experimental conditions (i.e. Fe(II)/Fe(III) ratio, pH, temperature, presence or absence of molecular oxygen) were 
considered and discussed in the literature [24-26] some question are still open. In fact, FeCl3 used as source of Fe(III) 
in the synthesis of magnetite, even in hydrated or dehydrated form, is highly hygroscopic and tends to absorb large 
amount of water from the atmosphere. This implies that the molecular weight of the salt, which is the base of the 
calculation for the right Fe(II)/Fe(III) ratio for the preparation of the magnetic material, changes in almost short times 
(few months if the reagent is stored in a shelf for chemical reactants).  
The use of FeCl3 containing unknown amounts of Fe(III) affects the synthesis of the magnetic phase, as part of the Fe 
cations can be excluded from the crystalline framework of the magnetite/maghemite phase and can remain as an 
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amorphous, undefined hydroxo-phase containing the oxidised Fe(III) giving a red shadow to the typically brilliant black 
colour of magnetite/maghemite. The presence of this phase is not so trivial, since its presence can affect the reactivity 
of the prepared material to a great extent. 
Among other effects, a plain hybrid material containing the magnetic phase surrounded by BBS shows in water the 
natural pH of 6, whereas the material bringing some hydroxo-Fe(III)-containing phase shows a pH in water around 3, 
due to Fe(III) hydrolysis. Only a deep and accurate washing treatment at very low pH allows to solubilize the undesired 
Fe(III)-containing phase in order to obtain the plain hybrid material whose behaviours and features are described in 
several papers published so far [18, 22, 23]. 
Moreover, the presence of Fe out-of-the-structure determines a release of Fe in solution which can act as a 
homogeneous (photo)catalyst in (photo)Fenton processes, and this makes complicated to assess the (photo)Fenton 
capacity to the hybrid nanoparticles releasing small amount of iron (heterogeneous (photo)Fenton-like process) or to 
the solubilized iron species derived from a non-controlled synthesis ((photo)Fenton process). The consequences of this 
issue are described in the following, where phenol degradation has been performed. 
 
  
2. Materials and methods 
 
2.1. Synthesis and characterization 
The synthesis of the magnetic material was performed following the procedure of coprecipitation reaction. 3.7 g of 
FeCl3 and 4.2 g of FeSO4 × 7H2O were solubilized in 50 mL of deionized water and stirred heating until the 
temperature of 90°C was reached. 10 mL of NH3 25% followed by 1 g of BBS solubilized in 50 mL of deionized water 
were added to the solution which passes immediately from orange to black colour forming a thin precipitate. The 
solution was kept at 90°C for 30 minutes, then the suspension was separated using a magnet, the supernatant 
removed and fresh deionized water added to wash the powder formed. The washing procedure was performed three 
times in order to remove the unreacted reagents and neutralize the basic environment. At the end, the powder is put 
in a Petri dish and left in an oven at 70°C overnight to be dried. The powder was named MNP-BBS. 
The characterization of the powder was made following a well-established procedure reported in [23]. N2 adsorption 
at 77K was determined by ASAP2020 (Micromeritics) and used to evaluate the specific surface area and porosity of 
the aggregated powder; X-Ray Diffraction analysis was performed by X’Pert PRO MPD diffractometer (PANalytical) and 
used to determine the crystalline phase of the sample and confirm the presence of magnetite/maghemite (proved 
also by its magnetization properties); FTIR spectroscopic measurements were carried out by Vector 22 (Bruker), 
equipped with Globar source and DTGS detector on sample dispersion in KBr to evidence the vibrational feature of the 
hybrid material and confirm the presence of BBS; Thermogravimetric analysis was performed by TGA (TA Instrument) 
in air and in N2 atmosphere (flux 100 mL/min, ramp 10°C from RT to 800°C) to evaluate the amount of the BBS on the 
nanoparticles.  
The results of the characterization carried out on the synthesized material are in agreement with previously obtained 
characterization data [23]. Briefly, spherical nanoparticle of no more than 20 nm of diameter made of 
magnetite/maghemite crystals are produced. The organic matter surrounding the MNP is strongly bonded to them, as 
visible in the FTIR spectrum, and quantified in 23% of the particle mass, as determined by TGA. The coating causes 
high aggregation in the dry material presenting a specific surface area of 28 m2/g and a interparticle mesoporous 
porosity of 0.08 cm3/g.  
Although all the characterization results are perfectly in agreement with those expected for the magnetite/maghemite 
phases, some red shadows visible, in particular, at the interface air-particles, suggest the presence of a small amount 
of an amorphous (not detectable by XRD) hydroxo-Fe(III) phase in the sample. 
 
2.2. Material (photo)activity  
The (photo)catalytic ability of the synthesized material was tested at natural pH (3.5) by evaluating the disappearance 
of the phenol (10 mg/L) varying the amount of material dispersed in water and the concentration of hydrogen 
peroxide in order to achieve the best experimental conditions for abatement.  
Irradiation were performed in Pyrex glass cells kept under continuous magnetic stirring and was realized using a 
Philips lamp with maximum emission at 365 nm. Samples were subjected to Fenton and photo-Fenton processes were 
added with 5 ml of methanol to stop the reaction and then filtered through 0.45 μm PTFE filters to remove the 
catalyst.  
The production of hydroxyl radicals during the irradiation of MNP-BBS was studied by Electron Paramagnetic 
Resonance (EPR) in the presence of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as spin-trap. EPR spectra were recorded 
at room temperature with a Bruker ESR 300E X-band spectrometer and acquired by using a previously developed 
method [27]: 10 µL of DMPO were added to 5 mL of a 1000 mg/L MNP-BBS suspension and the resulting mixture was 
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irradiated for 5 min. Immediately after the irradiation, the mixture was transferred in a quartz capillary tube and the 
EPR spectrum was recorded by using the following experimental parameters: frequency = 9.78 GHz, microwave power 
= 5 mW, center field = 3475 G, sweep width = 80 G, receiver gain = 1 × 105, modulation amplitude = 0.41 G, conversion 
time = 40.96 ms , number of scans = 30.  
 
2.3. Analytical procedures 
2.3.1 HPLC-UV  
Samples were analysed with a HPLC-UV equipped with a Rheodyne injector, two Merck Hitachi L-6200, a RPC18 
Lichrochart (Merck) 12,5 x 0,8 cm column and a UV/Vis Hitachi L-4200 detector at λ=220 nm.  Isocratic elution with 
80% phosphate buffer 10-2 M at pH 2,8 and 20% acetonitrile. In these conditions, retention times were 6.75 min, 1,87 
min, 2,45 min, 3,03 min and 3,13 min for phenol, hydroquinone, resorcinol, 1,4-benzoquinone and catechol, 
respectively.  
  
2.3.2. Fe(II) and Fe(III) analyses 
Total iron and Fe(II) were detected using a colorimetric method [28] and analyses were performed using a UV-Vis Cary 
100 SCAN spectrophotometer. Fe(II) was analysed using 4 mL of sample added with 1 mL of acetate buffer and 1 mL of 
phenantroline 0,1%. Total iron was obtained by adding an excess of ascorbic acid to the sample and using the same 
procedure followed for Fe(II) analysis.  
 
2.3.3. Fluorimeter 
The fluorescence spectra (as Excitation Emission Matrixes, EEMs) of the filtered solutions were obtained with a Varian 
Cary Eclipse fluorescence spectrofluorimeter, adopting a 10 nm slit-width. The parameters set for conducting the 
analysis were: λ emission 220-600 nm; λ excitation 210-500 nm.  
 
2.3.4. Total Organic Carbon 
Total organic carbon measurements carried out by a TOC-VCSH Shimadzu meter. Calibration of the instrument was 
performed by preparing standards of potassium phthalate. 
 
   
3. Results and discussion 
 
3.1. Use of MNP-BBS to degrade a probe molecule: the case of phenol 
The photoactivity of the material was investigated in MilliQ water using phenol as a model substrate. Firstly, we 
evaluated phenol adsorption on the surface of MNP-BBS as a function of catalyst and model substrate concentrations 
and, in both cases, it was negligible. 
Once excluded the phenomenon of surface adsorption, the photoreactivity was estimated by irradiating under UV-A 
light the phenol solution added with different concentrations of MNP-BBS; the curves plotted in Figure 1 show the 
obtained results. 

 
Fig.1: Degradation profiles for phenol (10 mg/L) in the presence of different MNP-BBS concentrations.   
 

The degradation profiles evidence that the material is able to promote a significant abatement of the organic 
molecule only after long irradiation times (24 h) and employing catalyst at concentration of 1000 mg/L. Thus, in these 
experimental conditions, the material subjected to irradiation generates a very limited quantity of oxidizing species, as 
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confirmed by EPR analysis described in the following, which provided only very weak signals related to the formation 
of hydroxyl radicals. 

 
3.2. Improvement of phenol abatement through a Fenton-like process 
H2O2 was added to the system in order to exploit MNP as source of iron and BBS as complexing agent to promote 
Fenton and Photo-Fenton-like processes and improve the material performance.  
Firstly, the contribution of the sole oxidizing action of hydrogen peroxide to the abatement of phenol was tested. For 
this purpose, experiments were carried out in the absence of catalyst, using a phenol solution at 10 mg/L added with a 
concentration of H2O2 5x10-4 M or 1x10-3 M. In both cases, H2O2 was not able to promote the degradation of phenol 
(data not shown).  
Subsequently, hydrogen peroxide was added to MNP-BBS suspension following phenol degradation. In order to 
establish the best working conditions, experiments were carried out by varying the ratio hydrogen peroxide/MNP-BBS 
concentrations, keeping constant the phenol concentration.  
When increasing the concentration of hydrogen peroxide up to 1x10-3 M, it was possible to obtain the complete 
phenol degradation within 5 minutes (see Figure 2), but in all cases the best efficiency was reached in the first 10 
minutes of the reaction, i.e. immediately after H2O2 addition: phenol concentration rapidly decreased, as expected for 
a Fenton-like process, then it remained constant, probably due to the consumption of the ·OH radicals produced by 
iron in the presence of H2O2 [23, 29].  
The tests obtained by adding H2O2 5x10-4 M and varying MNP-BBS concentration produced excellent results and 
promoted the complete degradation of phenol within 5-10 minutes (Figure 2). In particular, the abatement rate 
increased by enhancing MNP-BBS concentration and, in the presence of MNP-BBS at 1000 mg/L, the degradation was 
complete in only 5 minutes.  

 

Figure 2: Degradation profiles for phenol (10 mg/L) with (a) different H2O2 concentrations and MNP-BBS 200 mg/L 
and (b) H2O2 5x10-4 M in the presence of different MNP-BBS concentrations.   

 
The last investigation was performed by keeping MNP-BBS at 1000 mg/L and working with decreasing amount of 
H2O2 in order to establish the real H2O2 involvement in the reaction (see Figure 3).  
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Figure 3. Degradation of phenol in the presence of 1000 mg/L MNP-BBS: top) using different H2O2 concentrations and 
bottom) following sequential addition of H2O2 1x10-4 M (indicated by arrows). 
 
Phenol degradation profiles show that the percentage of abatement is related to the concentration of H2O2. Phenol 
completely disappears only when adding hydrogen peroxide 5x10-4 M, while the addition of lower concentrations of 
H2O2 allows to obtain only a partial degradation. These results suggest that the amount of OH· radicals produced by 
iron in the presence of H2O2 is not enough to promote the complete disappearance of the substrate, so underlining 
that the limiting factor in the reaction is the amount of hydrogen peroxide and not the amount of soluble iron. To 
confirm this hypothesis, a further test was carried out in the same conditions, proceeding with periodic additions of 
hydrogen peroxide (1x10-4 M) once the plateau conditions were reached (see Figure 3, bottom). The obtained results 
confirm that the reaction stops all the times that hydroxyl radicals are consumed and that, the addition of fresh 
hydrogen peroxide, allows generating further hydroxyl radicals which can continue to attack the organic substrate.  
The formation of OH· radical was assessed via EPR measurements in the presence of DMPO as spin-trap. In agreement 
with the previous data, an intense typical EPR spectrum of the DMPO-OH adduct (four lines separated by 15 Gauss 
and with relative intensity 1:2:2:1) is clearly visible when H2O2 was added to the MNP-BBS solution since, in these 
conditions, iron released by MNP-BBS catalyses the photo-Fenton reaction and gives a high production of hydroxyl 
radicals. On the contrary, in absence of the catalyst, the production of OH· radical is very lower and, moreover, in the 
absence of H2O2 the generation of hydroxyl radical is negligible.  

 
Figure 4: EPR spectra of DMPO-OH adducts generated after 5 min irradiation of MNP-BBS solutions, with and without 
addition of hydrogen peroxide, and H2O2 alone. 
 
3.2.1. Photo-Fenton process: influence of irradiation 
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Further tests were carried out to define the role of light radiation in the process. For this purpose, firstly a solution of 
phenol at 10 mg/L was added with hydrogen peroxide 5x10-4 M and irradiated under UV-A light. The obtained results 
show that the phenol did not undergo significant degradation, in agreement with literature [30]. Subsequently, phenol 
degradation was performed by using the same experimental conditions employed for the Fenton-like experiments, 
but irradiating the samples with UV-A light, in order to assess whether the radiation influences the process efficiency. 
A comparison of the results obtained in the two cases is shown in Figure 5. 

 
Figure 5: Phenol disappearance via Fenton and photo-Fenton processes with H2O2 5x10-4 M (top) and 2x10-4 M 
(bottom) as a function of MNP-BBS concentration. 
 
The degradation curves for phenol were obtained as a result of Fenton and photo-Fenton processes performed by 
varying the concentrations of catalyst and maintaining constant hydrogen peroxide concentration at 5x10-4 M (top) or 
at 2x10-4 M (bottom). Differently from what reported in the literature [23], the use of light radiation seems to inhibit 
the process or, at least, does not improve the performance of the material. This effect could be explained by 
considering two aspects: the first one could be attributed to the absorption of the radiation by the material itself, 
since it shows a very dark colour even at lower concentrations; the latter could be due to the fact that the material 
itself undergoes photodegradation, causing the release of organic matter in solution, which could therefore compete 
with the organic substrate under study, thus hindering the abatement process.  
 
3.3. Stability and re-usability: evaluation of released ions/organic matter 
Once the efficiency of the method was established, a test was carried out to determine if MNP-BBS recovered at the 
end of the Fenton-like process could be reused to carry out a new degradation cycle. For such, once reached the 
complete elimination of phenol, the magnetic properties of the catalyst were used to recover it. MNP-BBS was then 
washed several times with MilliQ water, dried and re-used again. The degradation curves obtained from the two 
subsequent cycles are compared in Figure 6.  
The second cycle exhibits a lower degradation efficiency: MNP-BBS is able to promote the partial elimination of 
phenol with 70% of abatement after one hour.  
In order to assess whether the process induces changes on the organic phase that coats and stabilizes the magnetite 
nanoparticles, TGA analysis on the material after one working cycle and recovery was performed. The percentage of 
organic content, obtained from the weight loss in the range 250-700°C, is different in the two cases and can be 
quantified in 23% for the original sample, as stated above, and 13% for the recovered one. This change suggests that 
the reactive species generated during the Fenton process can also act on the organic coating of the nanoparticles 
inducing its partial decomposition. However, the measured loss is not directly correlated with the loss of efficiency 
found in the second cycle and therefore it is necessary to deepen the study of this material to understand the 
mechanisms in which the organic matter participates. This efficiency loss could be caused by the organic matter and 
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the iron oxide, as both participate to the overall process. Therefore, the two aspects will be inspected separately in 
the following.  

  
Figure 6: Phenol degradation via Fenton process with MNP-BBS at 1000 mg/L: I cycle (black) and II cycle (red) 
abatement curves. Inset: TGA curves of material as prepared (black curve) and recovered (red curve). 
 

3.3.1. Release of organic matter  
The loss of organic matter was investigated performing both TOC measurements (to investigate the amount of 
organics release) and fluorescence spectra (to define the nature of the organics release). TOC measured at time zero 
allowed to assess that the material released about 4.5 mg/L of organic carbon. TOC evolution profile over time was 
then followed after addition of H2O2 5x10-4 M both in the dark and under UV-A irradiation (see Figure 7).  

 
Figure 7: TOC released by the catalyst in the presence of 5x10-4 M H2O2 

 
The addition of hydrogen peroxide caused the partial degradation of the organic fraction without involving its 
complete mineralization. At longer irradiation time, the material continues to release organic carbon in solution, 
suggesting that this phenomenon could also cause the release of iron species in solution deriving from the magnetic 
iron-containing core of the nanoparticles. Under irradiation the released TOC is higher than in the tests conducted in 
the dark, so implying that light could act on the material degradation as well. 
We proceed by acquiring Excitation Emission fluorescence matrixes (EEMs) on the same samples aimed to understand 
the nature of organic matter that is affected by the action of peroxide and light. According to the literature [31], the 
organic substances used to coat the magnetite nanoparticles show structural similarities with the humic substances 
and, therefore, fluorescence matrices spectroscopy can be exploited to study properties and characteristics of these 
samples containing humic-like substances [32-34].  
EEMs of filtered sample were recorded and are shown in Figure 8. A very intense and broad emission peak centered at 
excitation/emission coordinates 210/420 nm is manifest (panel A). Referring to literature [34], this signal is 
attributable to the presence of humic-like components. A second but less intense fluorescence peak is observed, at 
Ex/Em 330/ 410 nm, which could be attributed to the humic-like and fulvic-like components, too. The same signal was 
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still maintained following 2h of UV-A irradiation (panel B), so permitting to assess that the organic matter was not 
photolysed. 
Samples were then added with hydrogen peroxide and subjected to irradiation with a UV-A lamp (Figure 9). Following 
irradiation and addition of hydrogen peroxide, within few minutes we can perceive a quenching of the fluorescence 
with the disappearance of all signals attributable to humic-like substances. These results suggest that the action of 
hydrogen peroxide/light can affect the properties of some of the components of the material, destroying those 
responsible for the observed signals. These results agreed with those obtained by TOC measures, which showed a TOC 
decrease within 15 minutes after the addition of the hydrogen peroxide. Panel E and F, showed that new signals 
appear in samples subjected to longer irradiation times, even if with lower intensities than those observed at time 
zero; it implies that a prolonged irradiation could lead to the release of new fluorescent species, responsible of the 
increased TOC content described above (see figure 7).  

 
Figure 8: Excitation Emission fluorescence matrixes (EEMs) acquired on filtered sample at time zero (A) and after 2h of 
UV-A irradiation. 

 
Figure 9: Excitation Emission fluorescence matrixes (EEMs) acquired after addition of H202 5x10-4 M under UV-A 
irradiation. Samples are measured after 5 min (A), 10 min (B), 15 min (C), 30 min (D), 60 min (E) and 120 min (F).  

 
Figure 10: Excitation Emission fluorescence matrixes acquired on filtered samples following addition of H202 5x10-4 M. 
Samples are measured after 5 min (A), 10 min (B), 15 min (C) of H202 5x10-4 M addition. 

 



 
 

10 
 

EEMs were also acquired during the Fenton-like process and plotted in Figure 10. These images showed the 
disappearance of the characteristic signals after few minutes from H2O2 addition. Again, hydrogen peroxide, also in 
the dark, acts on the organic component that covers the magnetic nanoparticles, modifying their structure and/or 
properties.  
 
3.3.2. Release of soluble iron   
Iron oxide affects the process acting as a source of soluble iron and, therefore, the release of Fe(II) and Fe(III) in 
solution occurring during the process was followed. Figure 11 shows the formation and disappearance profiles of Fe(II) 
and total iron deriving from Fenton and photo-Fenton processes carried out in the optimized experimental conditions, 
i.e. in the presence of 1000 mg/L of MNP-BBS and H2O2 5x10-4 M. In both cases the total amount of released iron was 
20 mg/L, while the amount of measured Fe(II)  is around15-17 mg/L; Fe(II) concentration is higher than that reported 
in the literature [23], probably because the working pH value of 3.5 favours the dissolution of iron cations in solution 
[29]. 

 

Figure 11: Fe(II) and total iron released during Fenton  process (top) and Photo-Fenton process (bottom). In all cases 
the experimental conditions were: 1000 mg/L catalyst, 5x10-4 M di H2O2. 
 
Some interesting suggestions to the reaction mechanism can be achieved considering the concentration of Fe(II) 
curves. The highest consumption of Fe(II) is recorded within 5 min, i.e. the period of time corresponding to the highest 
reaction rate observed in Fenton-like and photo-Fenton-like conditions.  
It is worth noting a partial consumption of Fe(II) occurring in the first few minutes of the Fenton-like process, in 
accordance with reaction (1).  

FeII +  H2O2 →  Fe III +  OH− +  HO .     k = 40 − 80 L · mol−1s  −1                (1) 
 
At the beginning of the process, in fact, Fe(II) is the predominant species, and the relative concentration increases 
during the reaction both in Fenton-like and photo-Fenton-like conditions. At the same time Fe(II) ions can be supplied 
by release from iron oxide (losing its protective organic coating during (photo)Fenton-like process) as its concentration 
in solution remains almost constant, whereas photoreduction of Fe(III) or complexation of Fe(III) by BBS explain the 
relative concentration decrease in solution assessed in Figure 11, where after 2h of treatment the total iron amount is 
measured as Fe(II).  
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Finally, another aspect needs to be considered to explain the activity loss shown by the sample: it is related to the 
reddish colour visible on the surface of the as synthesised material already described in the introduction section. The 
working pH of 3.5 measured in the presence of MNP-BBS suggests that iron cations hydrolysis (especially from Fe(III)) 
could take place during the preparation of material suspension in water as the normal working pH experimented by 
these suspensions should be around 5-6. If Fe hydrolysis is observed, that means that part of Fe cations has not been 
included in the magnetite/maghemite crystalline structure and is present at the surface of the magnetic material. This 
component should be responsible of the reddish colour of the powder, of the low pH observed for the suspension, 
and probably also of the very high reactivity of the material since iron oxo/hydroxo species could be solubilised at low 
pH and cause a synergistic Fenton process adding to the expected Fenton-like one. Once Fe cations out-of-the-
structure are consumed (during the first reaction cycle) the reactivity is only due to the solubilisation of Fe(II) from the 
magnetic phase caused by BBS consumption and the reactivity slows down. 
 

 
Conclusions 
 
Phenol degradation was studied using MNP-BBS, a low cost material easy recoverable from aqueous media thanks to 
it magnetic feature. BBS, used as protective organic layer against magnetite/maghemite oxidation, present the 
advantage of complexing iron species released from the magnetic core of the material preventing their precipitation 
and increasing their availability during the catalyst activity. All the trials carried out indicate that the material is a 
suitable system to achieve the degradation of organic substrates in Fenton-like condition simply adding small amount 
of H2O2 to produce OH radicals. The reusability tests indicate a good performance of the material evidencing an odd 
aspect in its synthesis via coprecipitation which should be taken into account for future studies.      
MNP-BBS is stable under UV-A radiation, but H2O2 addition induced a partial degradation of the material with the 
release of organic and inorganic species. 
 
 
Acknowledgments 
This project has received funding from the European Union's Horizon 2020 research and innovation programme under 
the Maria Sklodowska-Curie grant agreement No 645551 (Mat4Treat).  
 
 
References 
[1] UNGA, United Nations General Assembly, 2010. The Human Right to Water and Sanitation. Resolution 64/292 
[2] UNGA, United Nations General Assembly), 2015. Transforming OurWorld: the 2030 Agenda for Sustainable 
Development. United Nations, New York, NY, USA, 2015 
[3] http://www.un.org/sustainabledevelopment/water-and-sanitation (2018). Accessed March, 2018 
[4] Laville, N., Ait-Aissa, S., Gomez, E., Casellas, C., Porcher, J.M.: Effects of human pharmaceuticals on cytotoxicity, 
EROD activity and ROS production in fish hepatocytes. Toxicol., 196, 41-55 (2004) 
[5] Klamerth, N., Rizzo, L., Malato, S., Maldonado, I., Agüera, A., Fernández-Alba, A.R.: Degradation of fifteen emerging 
contaminants at μg L−1 initial concentrations by mild solar photo-Fenton in MWTP effluents. Water Res. 44, 545-554 
(2010) 
[6] Haber, F., Weiss, J.: The catalytic decomposition of hydrogen peroxide by iron salts. Proc. Royal Soc. London. Ser. A, 
332-351 (1934). 
[7] Pignatello, J.J., Oliveros, E., MacKay, A.: Advanced Oxidation Processes for Organic Contaminant Destruction Based 
on the Fenton Reaction and Related Chemistry. Crit. Rev. Environ. Sci. Technol. 36, 1-84 (2006)  
[8] Katsumata, H., Kaneco, S., Suzuki, T., Ohta, K., Yobiko, Y.: Degradation of linuron in aqueous solution by the photo-
Fenton reaction. Chem. Eng. J. 108, 269-276 (2005). 
[9] Mestankova, H., Mailhot, G., Pilichowski, J.-F., Krysa, J., Jirkovsky, J., Bolte, M.: Mineralisation of Monuron 
photoinduced by Fe(III) in aqueous solution. Chemosph. 57, 1307–1315 (2004)  
[10] Huang, W., Brigante, M., Wu, F., Hanna, K., Mailhot, G.: Development of a new homogenous photo-Fenton 
process using Fe(III)–EDDS complexes. J. Photochem Photobiol. A 239, 17–23 (2012)  
[11] ElShafei, G.M.S., Yehia, F.Z., Dimitry, O.I.H., Badawi, A.M., Eshaq, G.: Degradation of nitrobenzene at near neutral 
pH using Fe2+–glutamate complex as a homogeneous Fenton catalyst. Appl. Catal. B: Environ. 99, 242–247 (2010)  
[12] Huang, W., Brigante, M., Wu, F., Mousty, C., Hanna, K., Mailhot, G.: Assessment of the Fe(III)–EDDS complex in 
Fenton-like processes: from the radical formation to the degradation of Bisphenol A. Environ. Sci. Technol. 47, 1952–
1959 (2013)  



 
 

12 
 

[13] Wu, Y., Passananti, M., Brigante, M., Dong, W., Mailhot, G.: Fe(III)–EDDS complex in Fenton and photo-Fenton 
processes: from the radical formation to the degradation of a target compound. Environ. Sci. Pollut. Res. 21, 12154–
12162 (2014)  
[14] Lee, C., Sedlak, D.L.: A novel homogeneous Fenton-like system with Fe(III)–phosphotungstate for oxidation of 
organic compounds at neutral pH values. J. Mol. Catal. A: Chem. 311, 1–6 (2009)  
[15] Huang, W., Luo, M., Wei, C., Wang, Y., Hanna, K., Mailhot, G., Enhanced process modified by magnetite and EDDS: 
BPA degradation. Environ. Sci. Pollut. Res. 24, 10421–10429 (2017)  
[16] Cesano, F., Fenoglio, G., Carlos, L., Nisticò, R.: One-step synthesis of magnetic chitosan polymer composite films. 
Appl. Surf. Sci. 345, 175–181 (2015) 
[17] Li, Y., Yuan, D., Dong, M., Chai, Z., Fu, G.: Facile and green synthesis of core-shell structured magnetic chitosan 
submicrospheres and their surface functionalization. Langmuir 29, 11770–11778 (2013) 
[18] Magnacca, G., Allera, A., Montoneri, E., Celi, L., Benito, D.E., Gagliardi, L.G., González, M.C., Mártire, D.O., Carlos 
L.: Novel magnetite nanoparticles coated with waste-sourced biobased substances as sustainable and renewable 
adsorbing materials. ACS Sustain. Chem. Eng. 2, 1518–1524 (2014) 
[19] Gomis, J., Vercher, R.F., Amat, A.M., Mártire, D.O., González, M.C., Bianco Prevot, A., Montoneri, E., Arques, A., 
Carlos, L.: Application of soluble bio-organic substances (SBO) as photocatalysts for wastewater treatment: sensitizing 
effect and photo-Fenton-like process. Catal. Today 209, 176–180 (2013)  
[20] Gomis, J., Carlos, L., Bianco Prevot, A., Teixeira, A.C.S.C., Mora, M., Amat, A.M., Vicente, R., Arques, A.: Bio-based 
substances from urban waste as auxiliaries for solar photo-Fenton treatment under mild conditions: optimization of 
operational variables. Catal. Today 240A, 39–45 (2015) 
[21] http://ec.europa.eu/environment/circular-economy/index_en.htm. Accessed March 2018 
[22] Bianco Prevot, A., Baino, F., Fabbri, D., Franzoso, F., Magnacca, G., Nisticò, R., Arques, A.: Urban biowaste-derived 
sensitizing materials for caffeine photodegradation, Environ. Sci. Pollut. Res. 24, 12599-12607 (2017)  
[23] Franzoso, F., Nisticò, R., Cesano, F., Corazzari, I., Turci, F., Scarano, D., Bianco Prevot, A., Magnacca, G., Carlos, L., 
Mártire, D.O., Biowaste-derived substances as a tool for obtaining magnet-sensitive materials for environmental 
applications in wastewater treatments, Chemical Engineering Journal 310 (2017) 307–316. 
[24] Gupta, A.K., Gupta, M.: Synthesis and surface engineering of iron oxide nanoparticles for biomedical applications. 
Biomaterials 26, 3995-4021 (2005)  
[25] Perez-Gonzalez, T., Rodriguez-Navarro, A., Jimenez-Lopez, C.: Inorganic magnetite precipitation at 25 °C: A low-
cost inorganic coprecipitation method, J. Supercond. Novel Magn. 24, 549–557 (2011) 
[26] Lim, Y.S., Lai, C.W., Hamid, S.B.A., Muhd Julkapli, N., Yehya, W.A., Karim, M.Z., Tai, M.F., Lau To, K.S.: A study on 
growth formation of nano-sized magnetite Fe3O4 via co-precipitation method, Mater. Res. Innov. 18, 457-461 (2014) 
[27] Tummino, M.L., Laurenti, E., Deganello, F., Bianco Prevot, A., Magnacca, G.: Revisiting the catalytic activity of a 
doped SrFeO3 for water pollutants removal: Effect of light and temperature, Appl- Catal. B: Environ. 207, 174–181 
(2017)  
[28] Fortune, W., Mellon, G.: Determination of iron with o-Phenanthroline, Ind. Eng. Chem. Anal. Ed. 10(2), pp. 60-64, 
1938. 
[29] Babuponnusami, A., Muthukumar, K.: A review on Fenton and improvements to the Fenton process for 
wastewater treatment, J. Environ. Chem. Eng. 2, 557-572 (2014) 
[30] Minella, M., Marchetti, G., De Laurentiis, E., Malandrino, M., Maurino, V., Minero, C., Vione, D., Hanna, K.: Photo-
Fenton oxidation of phenol with magnetite as iron source, Appl. Catal. B: Environ. 154-155, 102-109 (2014) 
[31] Arques, A., Bianco Prevot, A.: Soluble Bio-Based Substances Isolated From Urban Wastes, Springer (2015) 
[32] Coble P., Characterization of marine and terrestrial DOM in seawater using excitation-emission matrix 
spectroscopy, Marine Chem. 51, 325-346 (1996) 
[33] Miano, T., Senesi, N.: Synchronous excitation fluorescence spectroscopy applied to soil humic substances 
chemistry, Sc. Tot. Environ. 117-118, 41-51 (1992) 
[34] Stedmon, C., Markager, S., Bro, R.: Tracing dissolved organic matter in aquatic environments using a new 
approach to fluorescence spectroscopy, Marine Chem. 82, 239-254 (2003) 
 
 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=28281062
https://www.ncbi.nlm.nih.gov/pubmed/?term=Luo%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28281062
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wei%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28281062
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28281062
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hanna%20K%5BAuthor%5D&cauthor=true&cauthor_uid=28281062

