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A R T I C L E  I N F O   

Handling editor: Bin Chen  

Keywords: 
Iron oxide nanoparticles 
Advanced oxidation 
Reactive oxygen species 
Leachate treatment 
Organic dyes 
Wastewater treatment 

A B S T R A C T   

Industrial effluents contain a wide range of organic pollutants that present harmful effects on the environment 
and deprived communities with no access to clean water. As this organic matter is resistant to conventional 
treatments, Advanced Oxidation Processes (AOPs) have emerged as a suitable option to counteract these envi
ronmental challenges. Engineered iron oxide nanoparticles have been widely tested in AOPs catalysis, but their 
full potential as magnetic induction self-heating catalysts has not been studied yet on real and highly contam
inated industrial wastewaters. In this study we have designed a self-heating catalyst with a finely tuned structure 
of small cores (10 nm) aggregates to develop multicore particles (40 nm) with high magnetic moment and high 
colloidal stability. This nanocatalyst, that can be separated by magnetic harvesting, is able to increase reaction 
temperatures (up to 90 ◦C at 1 mg/mL suspension in 5 min) under the action of alternating magnetic fields. This 
efficient heating was tested in the degradation of a model compound (methyl orange) and real wastewaters, such 
as leachate from a solid landfill (LIX) and colored wastewater from a textile industry (TIW). It was possible to 
increase reaction rates leading to a reduction of the chemical oxygen demand of 50 and 90%, for TIW and LIX. 
These high removal and degradation ability of the magnetic nanocatalyst was sustained with the formation of 
strong reactive oxygen species by a Fenton-like mechanism as proved by electron paramagnetic resonance. These 
findings represent an important advance for the industrial implementation of a scalable, non-toxic, self-heating 
catalysts that can certainly enhance AOP for wastewater treatment in a more sustainable and efficient way.   

1. Introduction 

The rapid industrialization of developing countries has generated 
crucial challenges dealing with environmental pollution. There is a huge 
generation of industrial solid wastes that ends up in solid landfills and 
eventually in different waterbodies in the form of leachates, similar is
sues occurs with polluted effluents from a large list of industrial activ
ities (Khandelwal et al., 2019). The great diversity of compounds in solid 
landfill leachates and the mixture of hazardous dyes in textiles waste
waters restrict the efficiency of the most common treatment techniques 
(Oulego et al., 2016) and new ones. The use of engineered metal oxides 
nanoparticles have emerged as promising agents for full scale 

environmental remediation (Adeleye et al., 2016). Among them, iron 
oxide nanoparticles present unique properties for the development of 
magnetic separation and degradation strategies that compensate the 
effects of the huge generation of industrial solid wastes and polluted 
effluents (Gutierrez et al., 2017; Xu et al., 2012). 

In solid landfills, the humidity of solid wastes and the rainwater that 
percolates through them generate a highly polluting wastewater by 
reacting with the decomposing products of the organic matter (Kjeldsen 
et al., 2002). These strongly colored and odorous leachates present a 
variable composition that depends on the environmental conditions, the 
type of waste deposited in the landfill, and the age of the leachate 
(Oulego et al., 2016; Renou et al., 2008). The diversity of pollutants in 
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this kind of wastewater makes their treatment process complicated, 
variable and expensive. In most solid landfills, the leachates are stored in 
different deposits for its later treatment that can involve a combination 
of biological, physical and chemical processes like aerobic or anaerobic 
treatment, coagulation/flocculation, ultrafiltration and inverse osmosis, 
among others (Miao et al., 2019; Renou et al., 2008). Another common 
pollutants are the organic dyes coming from different industries such as 
production of fabrics and textiles (Madhav et al., 2018; Saini, 2017). 
These highly colored wastes are not only a threat to human health but 
also to environment, causing obstruction of light and interfering with 
biological processes within the stream ecosystem (Tkaczyk et al., 2020). 
A common industrial solution to remove these kind of dyes is using 
biological treatments (Kong et al., 2019), adsorption or electrochemical 
methods (Martínez-Huitle and Brillas, 2009), but these techniques 
usually present difficulties when the composition of the effluent is 
slightly changed (Grace Pavithra et al., 2019; Rai et al., 2005; Zhou 
et al., 2019). 

An interesting approach to treat both kind of wastewater are the 
Advanced Oxidation Processes (AOP) that are increasingly implemented 
in industrial plants for the oxidation of organic molecules (Aramyan, 
2017; Garrido-Cardenas et al., 2020; Miklos et al., 2018). AOPs are able 
to transform recalcitrant compounds in more biodegradable molecules 
that can be mineralized by microorganisms (Paździor et al., 2019). The 
oxidation intermediates in this kind of wastewaters tend to be more and 
more resistant to a complete degradation. It results very interesting to 
combine the already existing biological treatment with AOP such as 
Fenton based, ozone based,photocatalytic processes, among others 
(Gautam et al., 2019; Rosa et al., 2020; Usman et al., 2020). AOP sys
tems take advantage of the highly oxidative hydroxyl radicals generated 
in the Fenton reaction of ferrous ions with hydrogen peroxide (Rekhate 
and Srivastava, 2020). During this reaction, ferric anions are produced 
and can also react with hydrogen peroxide in a Fenton-like reaction. The 
radical species formed during Fenton and Fenton-like reactions, usually 
known as reactive oxygen species, have the effective oxidative ability to 
degrade organic pollutants by hydrogen abstraction, electron trans
ferring, radical addition and/or combination (He et al., 2016; Wang, 
2008). For industrial AOP, it is important to consider that these radicals 
with very short lifetime need to be generated in situ with the help of 
oxidizing agents, irradiation or with a catalyst. (Augugliaro et al., 2006; 
Gautam et al., 2019; Usman et al., 2020). Some of these methods 
implicate drawbacks that may limit their use on an industrial sustainable 
scale, e.g. the use of ultraviolet radiation that presents low photon effi
ciency being only about 5% of sunlight (Gehrke et al., 2015). 

The use of magnetic iron oxide nanoparticles for AOPs has been 
previously studied due to their low toxicity (Gallo-Cordova et al., 2021; 
Malhotra et al., 2020), iron ions availability, high surface area/volume 
ratios and their simple magnetic separation (Bethi et al., 2016; Hodges 
et al., 2018). Magnetite nanoparticles contain in their structure Fe2+ and 
Fe3+ ions that allow the continuous reactions of Haber-Weiss cycle 
(Rusevova et al., 2012). In this sense this kind of material has been 
already reported for the degradation of different organic compounds, 
but only few references use the particle selective heating capability 
under the influence of an alternating magnetic field (AMF) to support 
the degradation of the organic matter and none of them use real 
wastewaters (Chen et al., 2016; Munoz et al., 2020; Pirsaheb et al., 2019; 
Wydra et al., 2015). Besides the high specific surface area of the nano
particles, which offers a high adsorption capacity for organic and inor
ganic compounds, they can be used as internal inductive heating sources 
with remarkable advantages against conventional methods (Yaqoob 
et al., 2020). In this type of heating, the high temperatures reached at 
the particle surface are reflected in higher reaction rates and in conse
quence, shorter residence times and lower production costs (Wang et al., 
2019; Zaidi et al., 2014). 

In previous works, we have shown already the capability of iron 
oxide nanoparticles to perform as an efficient adsorbent for organic and 
inorganic compounds from water, in particular for heavy metals such as 

lead and chromium and organic dyes like methyl orange (Gallo-Cordova 
et al, 2019, 2020). Here, we have developed a nanocatalyst consisting of 
uniform multicore iron oxide nanoparticles of 40 nm with aggregate 
cores of around 10 nm that are able not only to adsorb higher amounts of 
the organic matter but also degrade it by advanced oxidation processing 
and subsequent magnetic separation. The effect of heating the particles 
under an alternating magnetic field on the degradation of organic matter 
in water have been compared to experiments carried out at 25, 60 and 
90 ◦C using a conventional thermal reactor. The degradation capacity of 
the catalyst has been tested with controlled preparations of methyl or
ange (MO) as a well-known organic pollutant, and with industrial 
leachate from the solid landfill of Quito City (LIX) and textile waste
water from a local industry (TIW). The magnetic separation feasibility of 
the magnetic catalyst has been analyzed by magnetophoresis analysis in 
a field gradient. 

2. Materials and methods 

2.1. Chemical reagents and analysis 

Reagent such as Iron(II) chloride tetrahydrate (FeCl2⋅4H2O, ≥99%), 
iron(III) chloride hexahydrate (FeCl3⋅6H2O, ≥99%), sodium hydroxide 
(NaOH, ≥98%), diethylene glycol (DEG, 99%), N-Methyldiethanol
amine (NMDEA, 99%), nitric acid (HNO3, 65%), iron(III) nitrate non
ahydrate (Fe(NO3)3⋅9H2O, 95%) ethanol (99.8%), ethyl acetate (99%), 
methyl orange (MO, 85%), sulfuric acid (H2SO4, 95%) were purchased 
form Sigma Aldrich. A high concentrated methyl orange stock solution 
(500 mg/L) was prepared and different aliquots at lower concentrations 
were prepared by dilution from the stock solution. MO was used as 
model compound for comparison purposes and its concentration was 
analyzed by ultraviolet–visible spectroscopy carried out in a Biochrom 
WPA Biowave DNA life science spectrophotometer at 503 nm (Ito and 
Yamamoto, 2015). 

The landfill leachate (LIX) and textile industry wastewater (TIW) 
collected for the experimental procedure were taken from the solid 
landfill of Quito city and from a representative local textile industry. 
There was a 16 total sampling considering the international standard 
ISO 5667–3:2019 (ISO 5667–3:2019, 2019). All samples were carefully 
transported to the laboratory and kept under refrigeration at 4 ◦C for 
subsequent analyses. Table S1 summarizes a full description of this real 
wastewaters samples. Degradation and mineralization yield of the 
organic pollutants in the samples were traced by measuring the chemical 
oxygen demand (COD) and total organic carbon (TOC) using a DR890 
HACH colorimeter at a 610 nm wavelength. For COD measurement the 
standard method of water and wastewater was followed (Rice et al., 
2017). Briefly, a mixture of 2.5 mL of the sample with 3.5 mL of H2SO4 
and 1.5 mL of the potassium dichromate standard (0.03 M) was previ
ously digested at 150 ◦C in a DRB200 HACH reactor. For TOC deter
mination, the HACH method 10173 using Test ‘N Tube™ Vials was 
performed prior to the measurements (Hach Co, 1999). Hydrogen 
peroxide interference was controlled by using a blank with same con
centration as the samples. The elemental composition of the samples was 
analyzed before and after catalytic degradation by coupled plasma op
tical emission spectroscopy (ICP-OES) in a PerkinElmer apparatus, 
OPTIME 2100DV. 

2.2. Magnetic nanocatalyst synthesis 

An optimized polyol method was used to synthesize the mono
disperse magnetic iron oxide nanocatalyst (MNC) using iron chloride as 
iron precursor in an aminated polyol media (Ammar and Fiévet, 2020; 
Lartigue et al., 2012). Among the different methods reported for the 
preparation of multicore structures (table S2), we choose this one to 
obtain small multicore structures (<50 nm) with large cores to maximize 
heating capability and magnetophoretic mobility. For this, 96 g of the 
solvent media were prepared with DEG and NMDEA (50/50 w/w). A 

A. Gallo-Cordova et al.                                                                                                                                                                                                                        



Journal of Cleaner Production 308 (2021) 127385

3

mixture of 1.6 mmol of FeCl2⋅4H2O and 3.2 mmol of FeCl3⋅6H2O was 
added to 64 g of the solvent mixture and magnetically stirred at 1350 
rpm for 45 min. Simultaneously, 12.8 mmol of NaOH were ultrasonic 
mixed in 32 g of the solvent mixture DEG and NMDEA (50/50 w/w) at 
80 ◦C for 45 min. Afterwards, the NaOH solution was carefully poured 
onto the iron solution and stirred at 1350 rpm for another 45 min. The 
mixture was placed in a Teflon-lined reactor of 100-mL capacity and 
sealed in an autoclave. The reaction was left with no agitation at 220 ◦C 
for 16 h. The reactor product, cooled inside the oven, was recovered by 
magnetic separation. The supernatant was discarded, and the dark 
brown precipitate was washed several times with a mixture of ethanol 
and ethyl acetate, 50% in volume. This optimized procedure performed 
in a high-pressure autoclave is easily scalable which is an advantage for 
environmental industrial purposes. The polyol method presents the 
advantage of allowing the production of water dispersible particles 
prepared in solvents with high boiling points. 

The MNC was subjected to an acidic treatment to improve the 
colloidal stability of the suspension and to assure oxidation of magnetite 
to maghemite and therefore, chemical stability for long time (Costo 
et al., 2015). Briefly, the obtained MNC was mechanically agitated with 
10 mL of HNO3 (10%) and then dispersed in 20 mL of distilled water. 
Then, 34 mmol of Fe(NO3)3⋅9H2O was added, and the suspension was 
boiled under reflux for 45 min under stirring at 600 rpm. The sample was 
then cooled and treated with an additional 30 mL of HNO3 for 10 min. 
The MNC were washed three times with distilled water and re-dispersed 
in 10 mL of pure (milliQ) water. The iron concentration of the suspen
sion was measured by inductively coupled plasma optical emission 
spectroscopy (ICP-OES) in a PerkinElmer apparatus, OPTIME 2100DV, 
after acid digestion. 

2.3. Magnetic nanocatalyst characterization 

Morphological characteristics of the MNC (particle size, distribution 
and shape) were analyzed by transmission electron microscopy (TEM, 
JEOL JEM 1010 operated at 100 keV). The sample preparation consisted 
in placing a drop of the diluted MNC suspension on an amorphous 
carbon-coated copper grid and leaving it for evaporation at room tem
perature. Mean particle size and distribution were calculated by 
measuring around 200 particles (largest internal dimension) and fitting 
the data to a lognormal distribution. 

X-Ray diffraction (XRD) was performed for phase identification and 
crystal structure of the iron oxide powder by using a diffractometer with 
a graphite monochromator (Bruker D8 Advance) and CuKα radiation (k 
= 1.5406 Å). The pattern was recorded within 20◦ and 70◦ (2Ɵ) and the 
mean crystal size was estimated from the full width at half-maximum of 
the greatest intensity peak (311) and the Scherrer’s equation. 

Thermal analysis (TGA/DSC) of the MNC was performed using a TA 
Instrument Q2000 differential scanning calorimeter. The MNC sample 
was heated up to 800 ◦C at 10 ◦C/min in air to measure the weight loss of 
DEG present in the nanoparticle surface (Rishikeshi et al., 2013). 
Fourier-transformed infrared spectroscopy in the range of 400–4000 
cm− 1was used to detect the presence of amino groups and DEG rests in 
the MNC, using a Bruker IFS 66VS. Samples were prepared by mixing the 
MNC powder in KBr (2% w/w) and pressing them into pellets. 

Magnetic properties of the MNC were analyzed in a vibrating sample 
magnetometer (MagLabVSM, 9T, Oxford Instrument). Samples were 
first dried at 50 ◦C overnight and then, pressed into the sample holder. 
Hysteresis loops were recorded at 290 K after applying a magnetic field 
up to ±2400 kA/m. Saturation magnetization (MS) and remanent 
magnetization (MR) values in A.m2/kg and coercivity (HC) in kA/m were 
obtained. To measure how fast the MNC can be recovered in the pres
ence of an external magnetic field gradient, the magnetophoretic 
mobility was studied as a function of time. This analysis was performed 
by measuring the turbidity of 500 mL of MNC suspension (0.05 mgFe/ 
mL) under a horizontal magnetic field gradient of ∇H = 100 T/m in a 
2500 s time interval (Sepmag Q500 ML ©). A sample consisting on single 

core particles of 30 nm mean diameter, synthesized by prolonging the 
heating in the autoclave for 24 h, was used for comparison purposes. 

Specific power absorption rate (SAR) of MNC in water was measured 
on a Fives Celes generator, model Nº 12118 M01 (France). This system is 
equipped with a water-cooled copper coil of 50 mm diameter with 6 
turns. Experiments were performed with the sample placed in a vial in 
the middle of the heating coil under frequencies of 100 and 200 kHz at 
different external field amplitudes (from 8 to 40 kA/m). A schematic 
representation of the equipment and experimental set-up is detailed in 
Scheme 1. It can be highlighted the well-defined insulation over the 
inductor and the controlled environment with a thermostat ensuring 
that the heating is only coming from the MNC. The same experimental 
set-up was also used to perform the magnetic induction heating AOP on 
the wastewater samples. 

SAR measurements were performed with at least 500 μL of the MNC 
suspension at 1 mgMNC/mL, just after ultrasonic stirring for 5 min. The 
initial temperature was settled at 21 ◦C with the thermostat and tem
perature variation in the sample was measured using a fiber optic 
temperature sensor OSENSA’s FTX. SAR value was obtained by using 
Equation S1. 

The specific surface area of the MNC was also studied using a TriStar 
II 320 (Micrometrics) system through continuous recording of the ni
trogen adsorbed into the MNC surface at different partial pressures and 
77 K. The samples were degasified at 393 K and 0.1 mbar for 12 h. The 
MNC specific surface area and the pore size distribution were calculated 
using BET equation (Brunauer et al., 1938) and BJH method (Villar
roel-Rocha et al., 2014). 

2.4. Free radicals produced in the Fenton reaction 

The Fenton activity was evaluated by Electron Paramagnetic Reso
nance spectroscopy (EPR) using the spintrap standard method (Davies, 
2016; Eaton et al., 2010; Moreno Maldonado et al., 2019). The spin-traps 
are diamagnetic molecules that adduct the highly reactive free radicals 
and generate more stable paramagnetic species that can be identified 
and quantified by the EPR. The MNC Fenton activity was tested in a 
solution containing 120 μg of nanoparticles in 200 μL of an acetate 
buffer solution (0.01 M, pH = 5), and 50 μL of a solution of the standard 
spin-trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in DMSO (0.33 
g/mL). Finally, 10 μL of 30% H2O2 was added, which started the reac
tion, and is considered the initial time for the spectra collected. The EPR 
equipment is an ELEXSYS II-E500 spectrometer (Bruker), having an 
X-band resonant cavity (9.4 GHz). The spectra were acquired at 24 ±
1 ◦C at different times until 60 min, with an attenuation of 10 dB (20 mW 
microwave power) and a modulation field of 1 Oe of amplitude. To 

Scheme 1. Experimental set-up for SAR measurement and magnetic induction 
heating. (1) Inductor, (2) thermostat line, (3) mechanical stirrer, (4) tempera
ture probe, (5) sample holder/reactor, (6) inductor insulator, (7) controller, (8) 
temperature indicator/recorder and (9) capacitors box. 
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quantify the amount of free radicals in the MNC, the EPR spectrum of the 
solution was recorded simultaneously with a pattern sample attached to 
the tube that hold the solution. This pattern sample corresponds to a 
MgO crystal doped with a known concentration of Mn2+ (Moreno Mal
donado et al., 2019). The signal saturation effect for lower microwave 
attenuation was considered for the quantification. 

The measured spectra were fitted using Bruker SPIN software, based 
on the hyperfine and g-factor parameters (Spin-Trap database of the 
National Institute of Environmental Health Sciences-NIEHS, USA, https 
://tools.niehs.nih.gov/stdb/index.cfm). The free-radical concentrations 
can be obtained by comparing the intensities of every specie in the EPR- 
fitted spectrum with the intensity of the MgO/Mn2+, as previously re
ported (Davies, 2016; Raineri et al., 2019). 

2.5. Adsorption experimentation 

Room temperature adsorption experiments were carried out in a 
plastic 15 mL vial mixing 0.5 mL of the MNC (Fe concentration 10 mg/ 
mL) and 9.5 mL of water sample with a specific concentration of 
pollutant. The mixture was mechanically stirred for a determined 
adsorption time and after equilibrium, the MNC was quickly separated 
(in 1 min) by means of a 60 × 30 mm NdFeB magnet with a 320 kA/m 
field gradient at the surface. The supernatant pollutant concentration in 
the aqueous phase was determined (Ce, mg/L) and the adsorption ca
pacity was calculated considering Equation S2 (Aljerf, 2018). 

Optimizing the adsorption conditions led us to analyze the effect of 
MNC dosage, from 5 to 25 mg, and the pH effect, between 2 and 6 for MO 
aqueous solutions, while for LIX and TIW the original pH (6 and 4) was 
maintained for industrial and application conveniences. It was also 
necessary a kinetic analysis of the adsorption at different times (5–1440 
min) and at different initial concentrations (between 0 and 100 mg/L for 
MO, while for LIX and TIW the original sample was diluted four times). 
Data were fitted to pseudo-first order and pseudo-second order models, 
Langmuir and Freundlich isotherm models (Table S3). It was possible to 
estimate the maximum adsorption capacity, qm (mg/g)(Gallo-Cordova 
et al., 2020). 

2.6. Temperature and magnetic field assisted catalytic tests 

The prepared MNC were tested in a series of AOP experiments for the 
degradation of organic compounds in MO aqueous solutions, TIW and 
LIX. All experiments were carried out in darkness at 30, 60 and 90 ◦C in a 
closed vessel. Degradation kinetics at different temperatures were per
formed at 550 rpm in an Eppendorf thermomixer comfort (Hamburg, 
Germany). Specifically, 5 mL of MNC (Fe concentration 10 mg/mL) were 
mixed with 45 mL of the MO aqueous solution (500 mgMO/L), TIW 
(~500 mgcod/L) and LIX (6560 mgcod/L). Original TIW and LIX pH were 
maintained and MO pH was adjusted to 3 by addition of HNO3 (pH 
values were controlled during the reaction). The MNC and water sam
ples suspensions were mechanically stirred for 2 h to reach adsorption 
equilibrium. Then, to start the organic compounds degradation the op
timum amount of H2O2 (where the entire reagent is consumed) was 
added to the suspension, corresponding to 0.051 M for MO and TIW, and 
0.256 M for LIX in the final mixture. The decolorization kinetics were 
followed by taken aliquots (typically 2.5 mL) at certain times (0, 15, 30, 
45, 60, 120 and 1440 min) and the MNC were magnetically separated 
from the media with the NdFeB magnet. 

The enhancement of the AOP due to the magnetic heating was 
evaluated by conducting the reactions in 100 mL glass reactor adapted 
to the magnetic inductor (see Scheme 1) and under the application of an 
alternating magnetic field of 200 kHz and 17 kA/m, enough to reach 
90 ◦C with the MNC as heating source. The effect of the AMF in the 
degradation of MO, TIW and LIX was compared to experiments carried 
out at 25, 60 and 90 ◦C heated with a conventional thermal reactor. 

From the kinetic curve Ct = f(t), it is possible to obtain the reaction 
rates by plotting the curve tangents at different times. From the 

variation of the supernatant concentrations at times 0 and 2 h, C2h and 
C0, the decolorization yield (DY) can be calculated (DY = 100–100C2h/ 
C0). Mineralization was determined by analyzing the TOC in the su
pernatant calculated by MY = 100–100[TOC]2h/[TOC]0, where [TOC] is 
the total organic carbon at specific times (t = 0 and 2 h) (Ferroudj et al., 
2013). 

According to chemical kinetic theory, the chemical reaction rate is 
given by the reactants, like in this case the different pollutants and 
oxidative radicals. Depending on the reaction order, each degradation 
rate can be expressed as zero, first or second order. Table S4 shows the 
individual expression of each reaction order with their integrated form 
(Youssef et al., 2016). 

3. Results and discussion 

3.1. Synthesis and characterization of the magnetic nanocatalyst (MNC) 

Solvothermal synthesis parameters were adjusted to produce MNCs 
with a multicore structure comprised of small iron oxide nanocrystals 
with a porous arrangement. The TEM picture displayed in Fig. 1a shows 
the high homogeneity of the MNCs as well as their multicore internal 
structure, consisting of small cores (~10 nm) aggregated in particles of 
40 nm (σ = 0.13) (Fig. 1b). X-ray diffraction pattern confirms the typical 
inverse spinel structure of maghemite/magnetite as the only crystalline 
phase (Fig. 1c). Previous works on similar particles using Mössbauer 
spectroscopy have shown that the particles are mainly maghemite, a 
ferric oxide that is the oxidation product of magnetite (Gavilán et al., 
2017). The width at half height of (311) reflection was selected to 
determine the size of the individual cores using Scherrer’s equation. The 
crystal size obtained was 25 nm, confirming the polycrystalline structure 
of the MNCs. Previous studies indicate that crystal size could be larger 
than individual cores if the particles present epitaxial interfaces between 
the iron oxide cores (Hemery et al., 2017). MNCs dispersed in water 
formed a stable colloid with a Z-potential value of +17.7 mV at a pH of 
3.5. The discrepancy observed between TEM size and hydrodynamic size 
(121 nm, PDI = 0.35) observed in DLS measurements (Fig. 1d) suggests a 
small aggregation degree of particles in the colloid, typically observed in 
relatively large magnetic nanoparticles. 

The presence of DEG coating molecules on the surface MNC was 
analyzed by FT-IR and TGA (Fig. 1e and f). DEG is used in the synthesis 
of MNCs as solvent and reducing agent, but also as surfactant for the 
stabilization of the final product. The FT-IR spectrum displayed in 
Fig. 1e presents, together with the iron oxide lattice vibration bands 
(400-640 cm− 1) characteristic of the Fe-O bonds in the spinel structure, 
the typical DEG peak at 1666 cm− 1 corresponding to of C=O stretching 
vibrations (Tao et al., 2011). The intense and narrow peak at 1380 cm− 1 

is generated by the nitrate byproducts produced during the acid treat
ment of MNCs, while the band at 3400 cm− 1 corresponds to hydroxyl 
groups at particles’ surface or from water molecules. The amount of 
organic material was estimated from TGA curves in Fig. 1f. Discarding 
the weight loss below 100 ᶛC, attributed to the evaporation of residual 
water molecules, the curve presents two main steps. The 3% of weight 
loss between 100 and 600 ᶛC is produced by the decomposition of DEG 
(around 250 ᶛC (Vasilakaki et al., 2018)). During the second step 
observed at temperatures over 600 ᶛC the mass decreases an additional 
1%. Above this temperature, sintering and transformation of maghemite 
to hematite take place (DTA, Fig. 1f) (Cornell and Schwertmann, 2003). 

Textural analyses of the MNC were performed to understand the 
materials porosity. N2 adsorption-desorption isotherm and pore size 
distribution are shown in Fig. S1. The isotherm obtained for the MNC 
was clearly of type IV with an evidence of capillary condensation hys
teresis loop (Thommes et al., 2015). The H4 loop matches perfectly to 
the MNC conformation as it is usually found in samples with aggregated 
crystals (Thommes et al., 2015). Table 1 summarizes the textural pa
rameters of the MNC where an average pore diameter in the low range of 
mesopores (2–50 nm) can be observed. The highest pore volume was 
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obtained at approximately 4 nm. 
The MNCs have interesting features for water remediation such as 

high surface to volume ratio and reactive surface, but also a strong 
magnetic response that can be exploited for the magnetic recuperation 
of the catalyst and the magnetically induced pollutant degradation. 
Fig. S2 shows the magnetophoresis performance of the MNC compared 
to single core nanoparticles of the same size by measuring the turbidity 
of the sample in a 2500 s time interval under a magnetic field gradient. 
The movement of the particles with higher magnetic moment per par
ticle leads to a faster separation, exalting one of the advantages of using 
this engineered multicore catalyst for magnetic separation (Ovejero 
et al., 2017). 

Fig. 2 shows the magnetic response of MNCs to quasistatic magnetic 
fields and magnetothermic response to high-frequency alternating 
magnetic field. The hysteresis loop in Fig. 2a presents the characteristic 
S-shape of the low-anisotropic monodomain response with a high 
saturation magnetization (MS = 80 Am2/kg) and susceptibility (4 Am2/ 
kg). The low coercivity observed (HC = 3 kA/m) is due to the magnetic 
interactions presence between monodomains (superparamagnetic at 
room temperature if there were no interactions) and/or a little amount 
of larger particles presence (blocked at room temperature). The column 
bar chart in Fig. 2b shows the SAR obtained from the heating curves of 
the MNCs exposed to high frequency magnetic fields (100 and 200 kHz) 

at increasing field intensities. The maximum SAR value (850 W/gFe) was 
obtained at 200 kHz and 17 kA/m. It represents one of the highest values 
reported for iron oxide magnetic nanostructures (Nemati et al., 2018). In 
this case, the flower-like structure conformed by aggregates plays a 
fundamental role in the high SAR values due to a magnetic collective 
behavior between the cores within the particle. Nanoparticles aggre
gation can be controlled or tuned with the correct synthesis conditions 
improving magnetic properties (Gutiérrez et al., 2019; Ovejero et al., 
2016). 

Fig. 3a shows the typical EPR spectrum of the MNC in acetate buffer 
solution (pH = 5) containing the DMPO spin-trap and H2O2; measured at 
24 ◦C, 30 min after the H2O2 was incorporated into the solution. The 
observed EPR spectra results from the convolution of the resonance 
signal of different paramagnetic species generated in the Fenton reaction 
plus the EPR signal of the MgO:Mn2+ pattern crystal (See Fig. S3). Each 
free radical presents a characteristic spectrum determined by the split
ting of the resonance line due to the hyperfine interaction of the un
paired electron with the neighbor nucleus with non-null nuclear spins 
(I), as the H (I = 1/2) and N (I = 1). Based on the NIEHS Spin-Trap 
database, four different free radicals were clearly identified in the pre
sent Fenton reaction: •OH, •OOH, •CH3, and •N. Table 2 shows the 
corresponding EPR parameters of each DMPO adducted free radicals; i.e. 
the g-factor of the free radicals, the hyperfine constants that quantify the 
interaction of the unpaired electron with the nitrogen (HS_N) and 
neighboring hydrogens (HS_H), the characteristic line width (W) and the 
lineshape (LS = 1 or 0 corresponds to a Lorentizan or Gaussian line
shape, respectively), of each resonance. The evolution of the Fenton 
reaction was followed by measuring the EPR spectrum as a function of 
time. All the spectra were fitted using the same set of parameters 

Fig. 1. Nanocatalyst structural characterization: a) TEM image, b) TEM size distribution, and log-normal fitting c) X-ray diffractogram, d) hydrodynamic size, e) FTIR 
transmittance spectrum and f) Thermogravimetric analysis. 

Table 1 
Nanocatalyst textural parameters.  

BET area (m2/g) 35.875 ± 0.528 
Average pore diameter (nm) 9.981 ± 0.199 
Pore volume (cm3/g) 0.044  
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(Table 2), and only EPR intensity was varied for each free radical. It 
should be mentioned that the EPR intensity, obtained from the double 
integral of the spectrum, is proportional to the resonant paramagnetic 
specie concentration. Therefore, by comparing the EPR-fitted spectrum 
intensities of each species, •OH, •OOH, •CH3, and •N, with the intensity 
of the MgO/Mn2+ pattern sample, it was possible to determine the free- 
radical concentration (Chang et al., 1978; Tobia et al., 2014). Fig. 3b 
shows the evolution of the free radical concentration as a function of 
time. As the concentration of the •N radical was very small compared to 
the other three species and it was present in the control solution without 
MNC, it was not considered in the discussion. The reaction stabilizes 
after 20 min, as observed in Fig. 3b. It should be clarified that the total 
hydroxyl radical concentration results from the contribution of the •OH 
signal and the •CH3 signal, being the •CH3 radicals formed as a conse
quence of the interaction between the •OH radical with DMSO. How
ever, the •OOH radical was the main radical specie formed. This result is 
consistent with the larger proportion of Fe3+ on the MNC surface ex
pected as a consequence of the nanoparticle surface oxidation with the 
acidic treatment. 

The major role played by the Fe3+ in the production of ROS suggests 
a Fenton-like mechanism in which these highly oxidative species can be 
formed by the reaction of the Fe3+ with hydrogen peroxide and confirm 
the maghemite nature of this nanocatalyst. An advantage of working 
with a maghemite MNC based on Fenton-like mechanism is that it can be 

assured that the material does not suffer a chemical degradation (like in 
the case of magnetite) which can decrease their catalytic activity. These 
results are especially important in the design of MNC that can be 
magnetically collected and reused. 

3.2. Adsorptive measurements 

Even though the aim of this research is to perform AOP on industrial 
wastewaters, it is necessary to analyze the possible adsorption of 

Fig. 2. a) Magnetic hysteresis loop of the MNC. b) SAR values of MNC at 
different AMF frequencies and fields intensities (all samples were measured at a 
concentration of 1 mgMNC/mL). 

Fig. 3. a) EPR spectrum of MNC in DMPO/DMSO containing solution measured 
at 24 ◦C after 30 min of the addition of H2O2 and the corresponding fitting (See 
Fig. S3 for each subspectra component). b) Concentration of free radicals ob
tained from the fitting of the EPR spectra as a function of the time, the dashed 
lines are guides to the eye. 

Table 2 
EPR parameters, obtained from the fitting, of the Mn2+ and the free radicals 
generated in the Fenton reaction: g-factor; line width (W); line shape (LS = 1 or 
0 corresponds to a Lorentizan or Gaussian lineshape, respectively). HS corre
sponds to the hyperfine interaction of the different species: HS_Mn of the Mn2+

ions of the crystal pattern (S = 5/2, I = 5/2), HS_N and HS_H correspond to the 
interaction between the unpaired electron of the free radical with of the nuclear 
spins of the nitrogen (I = 1) and neighboring hydrogen (I = 1/2) ions.  

Parameter MgO: 
Mn2+

DMPO/ 
•OH 

DMPO/ 
•CH3 

DMPO/ 
•OOH 

DMPO/ 
•N 

g-factor 2.0038 2.0027 2.0025 2.0028 2.0026 
W 4.1 1.1 1.4 1.1 1.8 
LS 0.02 0.73 0.74 0.30 0.98 
HS_Mn 86.8 – – – – 
HS_N – 14.9 (2) 16.2 14.1 14.7 
HS_Hβ – 14.5 (2) 23.2 11.1 – 
HS_Hγ – – – 1.3 –  
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pollutants onto the MNC to distinguish the pollutant elimination by 
adsorption from the degradation process (AOP). It is important to 
evaluate the MNC maximum adsorption capacity at the equilibrium. The 
decrease of COD in LIX and TIW samples and MO removal was studied 
for a fixed dosage of MNC varying parameters such as adsorption time 
and initial concentration. In LIX and TIW samples, original pH value was 
maintained to avoid the expensive acidification and alkalinization of 
effluents to lower production costs. For MO, a pH value of 3 was selected 
as this is the usually reported value in literature (Gallo-Cordova et al., 
2020). MNC dosage was analyzed for MO (Fig. S4) and it was observed 
an increment in the removal with the dosage, decreasing the adsorption 
capacity as it is inversely proportional to the MNC dosage. 

The effect of adsorption time of MO, TIW and LIX (Fig. 4a, b and 4c) 
showed that the adsorption equilibrium was rapidly reached at 60, 20 
and 120 min. Based on these results, a time of 120 min was established 
to ensure the equilibrium in the rest of adsorption and AOP experiments. 
It is important to determine the mechanism of adsorption and the kinetic 
model that better fits the experimental data, concluding what is the rate 
determining step: the reaction rate, mass transport or chemical reaction. 
Experimental data were best fitted to the pseudo-second order model in 
all three cases with a correlation factor R2 = 0.99. With this information, 

it can be assumed that the rate-limiting stage of the adsorption process of 
MO, TIW and LIX is the surface adsorption. It means that pollutants 
removal process is mainly driven by its physicochemical interaction 
with the MNC surface (Gallo-Cordova et al., 2020). 

The initial concentration effect was assessed by considering Lang
muir and Freundlich isotherm models. The results of this experimenta
tion are shown in Fig. 4d, e and 4f for MO, TIW and LIX. It can be 
observed from these figures that Langmuir model is able to describe the 
experimental data for the adsorption of pollutants in the wastewaters 
and MO onto the MNC. Accordingly, it can be assumed that the 
adsorption of the sorbate molecules is performed in a monolayer. 
Maximum adsorption capacity values were obtained with Langmuir 
model and where found to be 180 mgMO/g for MO, 223 mgCOD/g for TIW 
and 320 mgCOD/g for LIX. The isotherms coefficients and kinetic con
stants can be found in Table S5. 

3.3. Temperature and magnetic field-assisted oxidation 

MO aqueous solution, as well as TIW and LIX samples were oxidized 
by oxidative radicals produced by the MNC catalyst in the presence of 
H2O2. The effect of H2O2 dosage, temperature and magnetic field were 

Fig. 4. Adsorption kinetic curves fit for a) MO b) TIW, c) LIX and isotherms for d) MO, e) TIW and f) LIX using MNC as adsorbent at room temperature.  
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analyzed for each pollutant in dark batch experimentation. The degra
dation kinetics were followed by COD measurements and the minerali
zation was determined by measuring the TOC of the samples after 2 h of 
reaction time. The decolorization of the samples was clearly tempera
ture dependent as shown in Fig. 5a–c. It can be seen that for MO 
(Fig. 5a), the decolorization kinetic at room temperature was very effi
cient and slightly increased with increasing temperature, similarly to 
TIW (Fig. 5b). 

A summary of the decolorization and mineralization yields is pre
sented in Table 3. As it can be seen, at 90 ◦C decolorization yields 
achieved their maximum of 98.34 and 47.79% for MO and TIW, 
respectively. As expected, a complete decolorization of TIW was not 
reached, as this kind of wastewater with unknown composition usually 
presents certain compounds that cannot be degraded by AOPs, but they 
may be fully eliminated with a complementary biological treatment. 
Fig. 5c shows an impressive increase on the decolorization yield for LIX 
when elevating the temperature (up to 84.65% at 90 ◦C). When sub
jecting the MNC to an AMF, allowing the reaction to reach 90 ◦C, there 
was a slight increment in the decolorization of all samples and a much 
faster reaction, proving that even though the mixture is at the specified 
temperature, the MNC surface could reach higher temperatures 
improving the efficiency of the process. This would indicate a possible 
temperature gradient between the surface of the MNC and the sample 
media. Mineralization yields of the samples were calculated by 
measuring the TOC before and after the AOP. Fig. 5d displays the ob
tained results and it can be observed that, similarly to decolorization, 
TOC degradation increases with temperature for all samples and leads to 
higher yields under an AMF. 

The obtained decolorization kinetics were adjusted to different re
action order models to understand the concentration dependence of the 

reaction rates. Regression analysis based on 0, 1st and 2nd order re
actions for the degradation of MO, TIW and LIX were conducted. First 
order fittings maximized the regression coefficient value (R2) presented 
in Table 3. In consequence, it can be concluded that the decolorization 
kinetics of MO, TIW and LIX are well described by first-order reactions. 
Apparent kinetic rate constants (k1) described in Table 3 show that AMF 
reactions are much faster. For LIX, the reaction is 20% faster under the 
applied magnetic field than the reaction at 90 ◦C, going from a kinetic 
constant value of (1.4)10− 2 to (1.7)10− 2 min− 1. 

Fig. 5. Results of the advanced oxidation at 25, 60, 90 ◦C and in the presence of an alternating magnetic field (AMF): Decolorization kinetic curves of a) MO, b) TIW 
and c) LIX (errors are showed in Table 3). d) Mineralization yields at 2 h for MO, TIW and LIX. 

Table 3 
Decolorization (DY) and mineralization (MY) yields after 2 h through oxidation 
at 25, 60, 90 ◦C and in presence of an alternating magnetic field (AMF), apparent 
kinetic constants of first-order reaction and activation energy (Ea).  

Temp. DY MY k1 n = 1 Ea 

(oC) (%) (%) (min− 1) R2 (kJ/mol) 

Methyl Orange (MO) 
25 92.20 ± 1.66 47.82 ± 4.53 (1.8)10− 2 0.983 18.42 
60 98.31 ± 1.66 51.06 ± 4.46 (2.9)10− 2 0.981 
90 98.34 ± 1.66 62.96 ± 4.26 (3.6)10− 2 0.959 
90(AMF) 98.43 ± 1.66 68.23 ± 4.20 (3.7)10− 2 0.968 
Textile Industry Wastewater (TIW) 
25 41.38 ± 1.08 17.12 ± 0.49 (3.9)10− 3 0.969 4.39 
60 45.17 ± 1.07 18.26 ± 0.49 (4.4)10− 3 0.998 
90 47.45 ± 1.06 22.97 ± 0.47 (4.5)10− 3 0.939 
90(AMF) 47.79 ± 1.18 24.09 ± 0.47 (5.4)10− 3 0.991 
Landfill Leachate (LIX) 
25 40.12 ± 0.03 37.39 ± 0.03 (2.9)10− 3 0.875 22.11 
60 64.92 ± 0.02 45.84 ± 0.03 (1.0)10− 2 0.978 
90 84.65 ± 0.02 70.17 ± 0.02 (1.4)10− 2 0.991 
90(AMF) 90.21 ± 0.02 74.73 ± 0.02 (1.7)10− 2 0.999   

A. Gallo-Cordova et al.                                                                                                                                                                                                                        



Journal of Cleaner Production 308 (2021) 127385

9

The Arrhenius-type dependence of the kinetic constant k on the 
temperature and the activation energy values (Ea) are presented in 
Table 3. It can be seen that for MO a typical value of 18.42 kJ/mol was 
obtained in agreement with previous reported values (Shih et al., 2010), 
whereas for TIW and LIX, the values were 4.39 and 22.11 kJ/mol, which 
are difficult to compare with the bibliography since wastewater 
composition varies with location. It is important to highlight that these 
Ea values indicate the sensitivity of the reaction rate to temperature, 
which is in good agreement with the lower value for TIW. 

The presented MNC is postulated as a very efficient catalyst for the 
magnetic field enhanced AOP of MO, TIW and LIX. This interesting way 
to accelerate reactions by taking advantage of the materials selective 
heating has not been deeply studied so far on real systems (Gallo-
Cordova et al., 2021; Rivera et al., 2020). Table 4 shows the efficiency of 
different nanomaterials as catalysts in AOPs where it can be seen that 
just Chen et al. worked on dyes degradation considering the magnetic 
advantages of these materials (Chen et al., 2016). In that work, dye 
wastewater was treated in a high frequency inducting heating reactor 
showing an improvement in the reaction rate. 

Analyzing the state of the art in this field, it can be concluded that the 
decolorization of MO is an easy achievable goal even at room temper
ature in very short times, supported by many reported data similar to the 
obtained results in this work (Jia et al., 2019; Mota et al., 2020; Youssef 
et al., 2016; Zhang et al., 2020). In the case of wastewater from textile 
industry TIW, it is difficult to compare with others works as this 
wastewater is specific of a local textile industry and its composition is 
the result of a mixture of the different effluents coming from the plant 
with high concentrations of NaCl, NaOH, as well as organic and 
organometallic dyes. The sample was obtained after treatment in a 
wastewater plant consisting of neutralizations step, followed by an 
aerobic bioreactor and a clarification process. Examining the bibliog
raphy, it was observed that dyes decolorization in aqueous solutions can 
be easily achieved when there is no interference with other compounds. 
In the case of real wastewaters from textile industries, their complex 
composition and the presence of reactive components obstruct a fully 
degradation with AOPs. However, treatment of leachate samples using 
nanocatalysts, independently on its nature, seems to be a very promising 
process showing very high efficiencies in the oxidation of the organic 
matter, like the results obtained in this work. The principal advantage of 
using magnetic nanocatalysts is that in the presence of an AMF, the 
catalysts can work as a heating source from inside the reactor. This 
approach improves the heating efficiency and reaches higher tempera
tures at the nanoparticle surface accelerating the degradation of the 
organic pollutants. Also, MNC can be easily recovered by magnetic 
separation allowing the reuse of the material. 

With the presented AMF process, we achieved a total degradation of 
the MO compound, a reduction of approximate 6000 mgCOD/L for LIX 

and 250 mgCOD/L for TIW. In the latter cases, the final COD concen
trations are still far from the 60 mgCOD/L that is considered the limit for 
discharge according to World Health Organization (WHO) (World 
Health Organization, 2006). However, the COD removed is considerable 
large and will facilitate further treatment processes, decreasing the ef
forts, costs and energy consumed in the global treatment process. As this 
kind of industrial wastewaters presents a complex composition (See 
Table S1 for the full description of the samples), it is possible that the full 
degradation of the samples was interfered by the presence of other el
ements such as phosphorous and aluminum in the samples (Fig. S5). 
Adsorption or ionic exchange of these compounds may be competing 
with the degradation. The concentration of iron in the samples before 
and after the AMF process was also measured by ICP-OES and a slight 
leaching of the MNC iron (4%) into the samples was detected. According 
to WHO the iron maximum permissible limit for discharge to streams is 
5 mg/L (World Health Organization, 2006). It is important to 
acknowledge that the final iron concentration, in spite of its low toxicity, 
can contribute to soil acidification. As this degradation process is studied 
as a pretreatment for the samples, further treatment steps like low-cost 
filtration could be introduced for lowering the iron concentration 
(Khatri et al., 2017). 

Besides the high efficiency of the process, it should be considered 
that wastewater treatment techniques must be sustainable from an 
environmental, ethical and economical point of view (Muga and 
Mihelcic, 2008). The presented treatment technique is a step forward for 
a more efficient heating that leads to better yields, shorter residence 
times and lower costs. An in-situ heating of the catalyst can provide a 
less consuming way of reaching operative temperatures on the catalyst 
surface or interphase, leading to a cleaner and cheaper production of 
unpolluted water. This water-energy nexus is a common and important 
mistreated issue (Capodaglio and Olsson, 2020). 

4. Conclusion 

In this work, an efficient iron oxide magnetic nanocatalyst has been 
developed and tested to improve the efficiency of organic matter 
advanced oxidation in leachate from a solid landfill and colored 
wastewater from a textile industry, proving for the first time the effi
ciency of this technology in real wastewaters. The use of this material 
presents great advantages against current treatment processes in terms 
of mass transfer limitations, energy consumption and catalyst separa
tion. First, mass transfer limitations are decreased by using nano
particles in suspension (colloids) due to the higher degree of mixing, 
higher amount of nanoparticles per volume and higher specific surface 
area. Then, we have proven that this catalyst can elevate reaction 
temperature (up to 90 ◦C at 1 mg/mL suspension in 5 min) by exposing it 
to an alternating magnetic field (17 kA/m, 200 kHz), in a more efficient 

Table 4 
Efficiency of different Fenton and Fenton-like catalysts on the decolorization and mineralization of different dyes and landfill leachates (NSF: not specified, N/C: not 
calculated).  

Sample Catalyst ABET Temp. Magnetic parameters Time DY MY Ref. 

(m2/g) (oC) (min) (%) (%) 

Methyl orange Fe2O3 multicore nanoparticles 35.88 90 200 kHz, 17 kA/m 120 98.43 68.2 This work 
Methyl orange None NSF 25 – 15 97.8 N/C Youssef et al. (2016) 
Methyl orange Polysaccharide/Fe(III)-porphyrin NSF 25 – 90 100 N/C Mota et al. (2020) 
Methyl orange Hydrophilic Fe3O4 nanoparticles NSF 80 – 20 100 N/C Jia et al. (2019) 
Methyl orange Vanadium Titanium Magnetite 1.246 65 – 120 99.65 N/C Zhang et al. (2020) 
Textile wastewater Fe2O3 multicore nanoparticles 35.88 90 200 kHz, 17 kA/m 120 47.79 24.1 This work 
Dye wastewater Carbon@Fes NSF 33 High frequency 60 98.39 N/C Chen et al. (2016) 
Methylene blue α-Fe2O3-Co3O4 109.2 65 – 60 96.4 N/C Hazarika et al. (2020) 
Methyl red Polysaccharide/Fe(III)-porphyrin NSF 25 – 90 100 N/C Mota et al. (2020) 
Leachate Fe2O3 multicore nanoparticles 35.88 90 200 kHz, 17 kA/m 120 90.21 74.7 This work 
Leachate None NSF 30 – 120 85 N/C Aygun et al. (2012) 
Leachate CuFe2O4 NSF 25 – 60 57 N/C Karimipourfard et al. (2020) 
Leachate Fe3O4 NSF 25 – 100 84.7 68 Niveditha and Gandhimathi (2020a) 
Leachate FeMoPO NSF 25 – 90 84.9 71 Niveditha and Gandhimathi (2020b)  
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manner than common heating methods. It has been measured that, due 
to the materials composition, there is an elevated production of highly 
oxidative species. All these outstanding characteristics were reflected in 
the magnetic field enhanced degradation and mineralization of organic 
compounds in the wastewater samples. We have shown that by taking 
advantage of this catalyst selective heating, we can improve reaction 
rates (up to 20% faster) and the already good performance (at RT) of this 
material. These results are a step-forward to develop these magnetic 
induction-driven techniques in an industrial scale that will help waste
water treatment processes develop in a more sustainable way. There are 
feasible ways to scale-up the production of this material, and it does not 
involve any harmful or toxic effect on the streams given that it can be 
recovered by simple magnetic separation. The use of this AOP with iron 
oxide magnetic nanocatalyst before a biological treatment and filtration 
could lead to a fully decontamination of the discharged effluent in an 
efficient and affordable way. 
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