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Abstract 14 

Magnetic graphene catalysts were prepared for the removal of antibiotics 15 

(sulfamethoxazole, norfloxacin, tetracycline and flumequine) in water. Different 16 

proportions of magnetite-graphene from 1:0 to 0:1 were considered to study the catalytic 17 

activation of inorganic peroxides, i.e. peroxymonosulfate (PMS), peroxydisulfate and 18 

hydrogen peroxide. The presence of graphene was mainly the responsible for the 19 

activation, which was most effective in the presence of PMS. A ratio of 20% of magnetite 20 

in the solid was enough to achieve complete degradation of antibiotics with high recovery 21 

by application of a magnetic field. The performance of the catalyst was further evaluated 22 

in a simulated urban wastewater, studying the main parameters affecting the process and 23 

the stability in sequential reuses. The non-radical mechanism during the catalytic 24 

activation of PMS was hypothesized from kinetic scavenging probes tests. The electron 25 

transfer was suggested as the mechanism of the reaction from EPR results in the presence 26 
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of D2O. The prepared magnetic catalyst showed high catalytic activity and stability to 27 

remove antibiotics in water. 28 

Keywords: antibiotics, inorganic peroxides, magnetic graphene, peroxymonosulfate, 29 

water treatment  30 
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1. INTRODUCTION 31 

The pressure exerted by human activities during the last decades is pushing access to 32 

freshwater into an alarming situation. Current solutions are guided to the circular 33 

economy system, whose aim aligns with the human and natural water cycles. This strategy 34 

includes the reuse of wastewater (WW) for other applications or the safe replenishment 35 

of water basins. In this sense, the presence of different anthropogenic organic 36 

micropollutants in WW requires the development of new technologies since the current 37 

processes have been postulated as inefficient for that purpose 1,2. These micropollutants, 38 

also known as Contaminants of Emerging Concern (CECs), include a large list of 39 

substances such as personal care products, endocrine disrupting compounds, 40 

pharmaceuticals, plasticizers, flame retardants, and other organics whose widespread use 41 

by human activities and ubiquitous presence in the environment has raised concern 3. 42 

The removal of CECs has been widely researched through Advanced Oxidation 43 

Processes (AOPs), whose mechanism of action relies on the generation of Reactive 44 

Oxygen Species (ROS) for the oxidation of these compounds. Although AOPs based on 45 

hydroxyl radicals are effective for CECs removal 4, new techniques involve other oxidant 46 

radical species from organic peroxides 5,6,  nitrogen oxide 7, or sulfate peroxides 8,9. 47 

Peroxymonosulfate (PMS) and peroxydisulfate (PDS) can be activated by breaking their 48 

peroxide bond to trigger the formation of sulfate radicals. Diverse strategies have pursued 49 

the activation of PMS or PDS such as application of temperature, heat, radiation either 50 

ultraviolet or solar, homogeneous catalysis, or heterogeneous catalysis 9–11. Recently, the 51 

use of carbocatalysis has emerged in the scientific community as an alternative to metallic 52 

solids in the activation of inorganic peroxides that barely can be extrapolated to a real 53 

water application, as they are expensive and/or toxic. In this sense, carbon catalysts 54 

emerge as an environmentally friendly alternative. Graphene, a hexagonal carbon plate 55 
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of few layers, is gaining attention in many applications. In water treatment, besides its 56 

attractive adsorption activities 12,13, graphene can be incorporated in environmental 57 

catalysis for different purposes. Recent works have applied carbon materials in the 58 

activation of PMS 14 and PDS 15 to generate singlet oxygen as the main species. However, 59 

the use of heterogeneous catalysts must address the recovery of the solid and reactivation 60 

if necessary, after the treatment. Therefore, diverse strategies can be considered for the 61 

recovery of nanoparticles in water treatment, such as immobilization into inert supports 62 

16,17 or use the advantage of magnetic properties. In this sense, iron-based materials, that 63 

are magnetically active, represent a non-toxic, reasonably inexpensive, and feasible 64 

application in water treatment 18. Diverse magnetically separable magnetite–reduced 65 

graphene oxide or graphene oxide heterojunctions have been successfully applied as 66 

nano-adsorbent 19, catalyst 20–22, and base for photocatalysts 23–25. 67 

This work reports the synthesis and application of magnetic graphene (MG), i.e. 68 

magnetite graphene composite, for the activation of inorganic peroxides, i.e. PMS, PDS, 69 

and hydrogen peroxide, and assess their relative efficiency for the degradation of 70 

antibiotics in water. Fe3O4 nanoparticles at different proportions were successfully 71 

attached to graphene nanoplatelets, leading to a magnetic catalyst with low iron leaching, 72 

which makes possible the magnetic separation of the solids from the aqueous solution. 73 

Different techniques were used to characterize the surface and properties of the catalysts 74 

(N2 adsorption, SEM, TEM, FTIR, Raman, XRD, XPS, Quantum Design PPMS® 75 

DynaCool™). The solid was catalytically active for PMS>PDS>H2O2 applied to the 76 

removal of sulfamethoxazole as the target compound. The efficiency of PMS+MG was 77 

also assessed for other antibiotics (norfloxacin, tetracycline, and flumequine) and under 78 

a more realistic scenario by using simulated urban wastewater (SUWW). A deeper 79 

analysis of the influence of process parameters (i.e. dose of the catalyst, initial PMS 80 
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concentration, pH, reusability) was carried out in the SUWW. The non-radical 81 

mechanism of the catalytic activation of PMS was elucidated by scavenging probe tests 82 

and corroborated by EPR. Moreover, this technique provided evidence to support the 83 

electron transfer mechanism from the organic to the PMS mediated on the surface of the 84 

magnetic graphene catalyst. 85 

2. EXPERIMENTAL 86 

2.1. Chemicals 87 

Sulfamethoxazole (SMX, C10H11N3O3S, CAS: 723-46-6, TCI® America), norfloxacin 88 

(NFX, C16H18FN3O3, CAS: 70458-96-7, Alfa Aesar®), tetracycline (TCL, C22H24N2O8C, 89 

CAS: 60-54-8, Alfa Aesar®), and flumequine (FLU, C14H12FNO3, CAS: 42835-25-6, 90 

Alfa Aesar®) were of analytical grade (>98%).  91 

For magnetic graphene synthesis, graphene nanoplatelet aggregates (500 m2 g-1) were 92 

acquired from Alfa Aesar® while analytical grade FeSO4·7H2O and FeCl3·6H2O were 93 

purchased from Sigma Aldrich®. 94 

The oxidant used was Oxone® (Sigma Aldrich®) as peroxymonosulfate (PMS) 95 

source, potassium persulfate (Fisher®) as peroxydisulfate (PDS), and hydrogen peroxide 96 

(Acros Organics®). 97 

The simulated urban wastewater (SUWW) was prepared following the recipe proposed 98 

by Erdei et al. 26 with chemicals from Sigma-Aldrich®. Table 1 shows the chemical 99 

composition of the SUWW matrix (final pH=9.5). 100 

Table 1. Chemical composition of the simulated urban wastewater (SUWW) 101 

Chemical compound C (mg L-1) 

Beef extract 1.8 
Peptone 2.7 

Humic acid sodium salt 4.2 
Tannic acid 4.2 

Sodium lignin sulfonate 2.4 
Sodium lauryl sulfate 0.94 
Acacia gum powder 4.7 

(NH4)2SO4 71 
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K2HPO4 7.0 
NH4HCO3 19.8 

Na2SO4 0.71 

The rest of the chemicals were of analytical grade and were used without further 102 

purification. All solutions were prepared with ultrapure water produced from a 103 

BarnsteadTM E-PureTM device (resistivity > 17.5 MΩ·cm). HPLC grade acetonitrile 104 

(Fisher®) was used for liquid chromatography analyses. 105 

2.2. Experimental procedure 106 

Degradation tests were carried out in magnetically stirred beakers of 250 mL. Target 107 

organic micropollutants were dissolved in ultrapure water or SUWW matrix depending 108 

on the experiment. Reaction tests started by adding simultaneously inorganic peroxides 109 

(PMS, PDS, or H2O2) from a concentrated solution (generally 0.1 M) and graphene to the 110 

solution that already contained the target organic micropollutant. For comparison 111 

purposes, adsorption experiments were conducted without oxidant addition. The direct 112 

oxidation by the corresponding inorganic peroxides was also tested individually. Samples 113 

at different times were extracted, filtered with nylon syringe filters (SimplepureTM, 0.45 114 

µm), and quenched with sodium thiosulfate before HPLC analysis. Assays with control 115 

of pH were conducted by adding 5 mM of H3PO4 and/or concentrated NaOH until 116 

reaching the desired value. The catalysts were magnetically recovered, when necessary, 117 

with the help of a magnet and dried at 80 ºC overnight. 118 

2.3. Aqueous analyses 119 

The aqueous concentrations of the model micropollutants were analyzed by liquid 120 

chromatography (Agilent 1100 HPLC) equipped with DAD detector. For the separation, 121 

a Discovery® HS C18 column (15x4.6 mm, 5 µm, Supelco®) was used as the stationary 122 

phase. A mixture of acetonitrile (A) and acidified ultrapure water (0.05% trifluoroacetic 123 

acid, B) was pumped at a rate of 1 mL min-1. A proportion A:B=30:70 was used for the 124 
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analysis of sulfamethoxazole, norfloxacin, and tetracycline; while for flumequine a ratio 125 

of 40:60 was used. The quantification was conducted at 220 nm for flumequine, 286 nm 126 

for norfloxacin, and 260 for sulfamethoxazole and tetracycline. 127 

The concentrations of peroxymonosulfate and peroxydisulfate were analyzed 128 

colorimetrically by DPD (N,N-diethyl-p-phenylenediamine) oxidation at buffered media 129 

27. Hydrogen peroxide concentration was also spectrophotometrically quantified by 130 

complexation with titanium (IV) oxysulfate 28. 131 

The total iron dissolved was analyzed by reduction of all iron species to iron (II) and 132 

complexation with 1,10-phenanthroline (FerroVer® iron reagent, Hach®). 133 

The reactive oxidant species involved in the catalytic activation were identified with 134 

Electron Paramagnetic Resonance (Bruker E500 spectrometer, Germany). The presence 135 

of 1O2 or the electron transfer mediated reaction was detected by adding TEMP (4-amino-136 

2,2,6,6- tetramethylpiperidine) as a spin-trapping agent and by comparing the results in 137 

H2O and D2O solutions. DMPO (5,5-dimethyl-1-pyrroline-N-oxide) was used as a spin-138 

trapping agent for the detection of radicals, i.e. O2
•‒, HO• and SO4

•‒. 139 

2.4. Catalyst synthesis and characterization 140 

Magnetic graphene was prepared following the co-precipitation of ferrous and ferric 141 

salts at alkaline media 29. Briefly, a fixed amount of commercial graphene was placed in 142 

200 mL of ultrapure water in which FeCl3·6H2O and FeSO4·7H2O were previously 143 

dissolved with a molar ratio Fe3+/Fe2+=2.45, according to the proposal of Petcharoen and 144 

Sirivat 30. The pH was raised until reaching a value of 9 by the addition of concentrated 145 

ammonium hydroxide. The precipitated solid was separated with the help of a magnet. 146 

Thereafter, the solid was washed several times with ultrapure water and dried at 80 ºC. 147 

The catalysts were labeled as MGX where X means the weight ratio of magnetite 148 

nanoparticles in the solid. 149 
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Nitrogen adsorption isotherms were carried out to quantify the surface area and to 150 

evaluate the porous properties of the MG solids. The device used was a Micromeritics® 151 

Tristar 3000 (-196 ºC, specific surface area resolution 0.01 m2 g-1). The degasification of 152 

the samples was carried out in the 24 h before the analysis (120 ºC, N2 as purging agent). 153 

Imaging of morphology, shape, and size of nanoparticles was conducted in a Thermo 154 

Scientific™ Scios™ DualBeam™ Scanning Electron Microcopy (SEM), equipped with 155 

surface Energy Dispersive X-ray (EDX) elemental analysis. Solid samples were dispersed 156 

in 2-propanol and dropped on a copper grid. Alcohol was naturally dried before the image 157 

depicting. Imaging at higher amplification was carried out in a JEM-2100F Transmission 158 

Electron Microscopy (TEM) device (JEOL, Japan) at an acceleration voltage of 200 kV, 159 

equipped with Energy-Dispersive X-ray (EDAX) analysis. 160 

Fourier Transform InfraRed (FTIR) was used to study the surface functional groups in 161 

an Agilent® Cary 600 series FTIR spectrometer. 162 

The disorder of graphene structure was studied using Raman spectroscopy in an 163 

inViaTM Qontor® Raman microscope from Renishaw©. Spectra were recorded using a 164 

laser beam of 633 nm. 165 

The crystalline composition was studied employing X-Ray Diffraction in a Panalytical 166 

(Expert) 2-theta diffractometer. The device used monochromatic CuKα radiation (1.54 Å) 167 

and the angle range (2θ) was recorded within 2 and 90°. The phase identification from 168 

powder diffraction was carried out with Match!© software. 169 

The surface oxidation states of oxygen, carbon, and iron were studied in a PHI 170 

VersaProbe III X-ray Photoelectron Spectroscopy (XPS) microprobe instrument with Kα 171 

Al monochromatic radiation (1486.68 eV).  172 

The magnetization behavior (magnetic susceptibility, MS) of the nanoparticles was 173 

measured in a Quantum Design PPMS® DynaCool™ device under Vibrating Sample 174 
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Magnetometer (VSM) option at room temperature applying an external magnetic field 175 

(H) within ±3·104 Oe. 176 

3. RESULTS AND DISCUSSION 177 

3.1. Characterization of the material 178 

The surface textural properties of the MGX catalysts were assessed by N2 adsorption-179 

desorption isotherms. Table 2 shows the specific surface area obtained by the Brunauer-180 

Emmett-Teller (BET) method. Magnetite nanoparticles displayed a low value of the 181 

specific surface area, 66 m2 g-1. A larger value was obtained for raw graphene, 494 m2 g-
182 

1 which is close to the value of 500 m2 g-1 suggested by the manufacturer. The magnetic 183 

graphene solids presented a proportional area according to their composition of magnetite 184 

and graphene. Magnetite, due to their nanoparticle structure showed more percentage of 185 

micropores. Although the addition of graphene resulted in a higher surface area, the nature 186 

of this porosity is due to meso and macropores. 187 
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Table 2. Characterization results of the magnetic-graphene catalysts  188 

Catalyst 
C percentage 

(mass) 

N2 adsorption-desorption 

isotherms 

Atomic surface 

Composition (%) 

Oxygenated bonds  

in O1s region (%) MS  

(emu g-1) BET area 

(m2 g-1) 

Micropores  

(%) 
C O Fe C-O Fe-O-C Fe-O 

Graphene 100 494±3 21.4 96.23 3.77 - 37.2 - - n.m. 
MG0.2 77.2 361±2 20.3 92.93 6.53 0.54 23.6 41.2 35.2 1.41 
MG0.4 61.5 281±2 23.3 90.20 8.88 0.97 21.2 36.1 42.7 12.7 
MG0.6 36.0 244±1 11.5 85.78 12.39 1.83 21.4 24.2 54.4 32.6 
MG0.8 22.3 194±2 32.0 84.26 13.29 2.44 13.7 29.4 52.7 48.1 

Magnetite 0 66±1 69.2 - 82.30 17.70 - - 100 55.9 

189 
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The morphology and composition of the catalysts were studied by Scanning Electron 190 

Microscopy (SEM) with Energy Dispersive Analysis of X-ray (EDAX). Fig. 1 depicts 191 

images for bare magnetite nanoparticles, bare graphene nanoplatelets, and the magnetic 192 

graphene MG0.2. For the rest of magnetite: graphene ratios more images are available in 193 

the supplementary information (Fig. S1). Raw magnetite consisted of an aggregation of 194 

almost sphere-shaped nanosized particles, aggregated between them due to magnetic 195 

dipole interactions. Bare graphene nanoparticles (Fig. 1B) can be described as an 196 

agglomeration of wrinkled sheets of different sizes and shapes. Typical nanoplatelets of 197 

500 nm size were frequently observed (Fig. 1B1). The addition of magnetite to graphene 198 

resulted in small semi-spherical magnetite particles adhered to the carbon nanoplatelets. 199 

Also, MG0.2 and MG0.4 (see in Fig. S1) simultaneously displayed some nanorods. The 200 

presence of these nanorods suggests the formation of other undesirable iron species 201 

alternative to magnetite. These nanorods can be attributed to the oxyhydroxide goethite 202 

(α-FeOOH), which is usually formed in the co-precipitation of iron (II) and (III) salts 31, 203 

as it proved later on with XRD analysis.  204 

To justify the presence of iron in the sample MG0.2, EDAX mapping was conducted 205 

(Fig. 1 D) confirming that the shiny small quasi-spherical particles observed correspond 206 

to iron particles (red-colored, subfigure D3). Moreover, from the mapping for carbon and 207 

oxygen (blue and green colored regions, see subfigures D1 and D2 respectively), it is 208 

concluded that graphene nanoplatelets are not oxygenated as the oxygen mapping 209 

perfectly overlaps only the iron colored regions. It is also observed that the incorporation 210 

of magnetite nanoparticles prevented the aggregation of the catalytic nanoparticles with 211 

some interspaces among them, which exerts a positive effect when dispersed into 212 

solution.  213 
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 214 

Figure 1. SEM micrographs of bare magnetite (A), bare graphene (B and B1), and MG0.2 215 

magnetic graphene (C). EDAX mapping of carbon (D1), oxygen (D2), and iron (D3) in 216 

sample MG0.2 (D). 217 

The presence of magnetite was further confirmed by TEM analysis. The presence of 218 

magnetite nanoparticles onto thin graphene nanosheets was observed in TEM imaging, 219 

see as an example the TEM micrographs took for MG0.2 in Fig. 2A. Also, the EDAX 220 

mapping allowed to confirm the presence of iron in the dark particles and carbon in the 221 
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nanosheets (Fig. 2B and B1). Further analysis of Selected Area Electron Diffraction 222 

(SAED) onto the iron nanoparticles led to the depicting of magnetite SAED pattern, see 223 

Fig. 2 C. Moreover, the analysis of the composition by EDAX of the sample MG0.2 224 

revealed 15.3 % of Fe3O4 and 86.6% of carbon. 225 

 226 

Figure 2. TEM micrographs of MG0.2 sample. (A) and (A1) TEM images at different 227 

magnifications; (B) and (B1) EDAX mapping analysis with C Kα (blue) and Fe Kα (red); 228 

(C) SAED pattern of magnetite; (D) EDAX spectrum. 229 

The presence of magnetite and graphene was confirmed by analyzing the crystalline 230 

composition with X-Ray Diffraction (XRD) technique (see Fig. 3). Reduced graphene 231 

presented a characteristic peak at 26.4º attributed to the hexagonal of graphitic carbon. 232 

Bare magnetite is characterized by a mean peak located at 35.5º and minor peaks located 233 

at 30.2º, 57.2º, 62.2º, and 75.3º. Magnetic graphene displayed peaks of graphene and 234 

magnetite proportionally to the relative carbon-iron composition. In the case of the minor 235 

iron proportion, i.e. MG0.2 and MG0.4, residual presence of the oxyhydroxide goethite 236 

(α-FeOOH) was confirmed (major peak located at 21.4º and minor peaks at 33.3º and 237 
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36.7º). A high proportion of reduced graphene in the synthesis process promoted the 238 

formation of this species. On the contrary, high amounts of graphene resulted positively 239 

to keep a reductive environment for the formation of magnetite 32. This result suggests 240 

that the nanorods appreciated in SEM images of MG0.2 and MG0.4 samples are goethite. 241 

 242 

Figure 3. XRD patterns of magnetic graphene with different magnetite ratios 243 
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FTIR spectra showed a lack of oxygenated functional groups on carbon lattice (Fig. 244 

S2) or hydroxylated groups as previously suggested SEM-EDAX mapping. Only bare 245 

magnetite presented a wide band at about 3400 cm-1 attributed to the surface –OH groups. 246 

Raman spectroscopy is a powerful technique to study the disorder of the hexagonal 247 

honeycomb of graphene materials. Raman spectra of graphene in Fig. S3 is characterized 248 

by three peaks, D peak at around 1330 cm-1, G peak located at ca. 1570 cm-1, and a 2D 249 

band whose maximum was placed at 2650 cm-1. D peak defines the disorder on the 250 

hexagonal carbon, G peak is characteristic of the sp2 carbon aromatic bonds common in 251 

graphitic structures, and the second-order 2D band appears in detriment of D peak when 252 

the material presents high order, and therefore a low proportion of sp2 amorphous carbon 253 

33. Monolayer graphene is characterized by a sharp and tiny 2D peak 34. Magnetite is 254 

characterized by a low-intensity peak located at around 670 cm-1. As can be observed in 255 

Fig. 4, the 2D band peak losses intensity as the proportion of magnetite in the solid 256 

increases. This indicates that the disorder in the graphene structure is higher due to the 257 

greater presence of magnetite nanoparticles. In this sense, an analysis of the relative 258 

proportion of D and 2D intensity confirms that fact. However, the G peak in bare graphene 259 

presents a shoulder which is the consequence of the overlapping of D’ peak 35, which 260 

appears with a high proportion of sp3 hybridization or the presence of vacancies in the 261 

hexagonal sheet of graphene 36. This shoulder is less appreciable as the amount of 262 

magnetite is raised in the solid. The peak of magnetite at 670 cm-1 is only appreciated in 263 

the samples with the highest content of magnetite (MG0.6 and MG0.8), due to the low-264 

intensity contribution of this peak if compared to the peaks coming from graphene 265 

structure. 266 

The surface chemical composition was studied by X-ray Electron Spectroscopy (XPS). 267 

This technique not only gives information about the chemical composition in the surface 268 
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but also about the oxidation states of the elements and the nature of oxidation groups on 269 

the surface. High-resolution spectra of the O1s, C1s, and Fe2p2/3 regions and their 270 

respective deconvolution of the magnetic graphene catalysts are available in the 271 

supplementary material (Fig. S4). For comparison purposes, graphene and magnetite 272 

nanoparticles were also analyzed by XPS. The raw graphene presented a low proportion 273 

of surface oxygenated groups, 3.77% of atomic O, mainly composed of C=O and C-O 274 

groups. The chemical interaction between magnetite and graphene has been postulated by 275 

two different bonds: a possible connection between Fe and carbon with oxygen as a bridge 276 

(Fe-O-C) or direct bond Fe-C. From the high-resolution spectra of C1s, the possibility of 277 

Fe-C bond is excluded since no peak at 283.3 eV was registered 37,38. The C1s peak 278 

denoted the existence of non-oxygenated aromatic carbon bonds (284.6 eV). The 279 

oxygenated groups observed in the C1s region were C-O and O-C=O. The presence of 280 

Fe3O4 was corroborated by the Fe2p3/2 high-resolution spectra in which the two oxidation 281 

states of iron, Fe2+, and Fe3+, were identified 39. The existence of a possible Fe-C bond 282 

was also discarded in these spectra. From O1s spectra, the formation of Fe-O and Fe-O-283 

C bonds was suggested. Moreover, as the magnetite percentage was raised, the percentage 284 

of oxygen increased accordingly. Likewise, the Fe-O bounding percentage increased to 285 

the detriment of C-O and Fe-O-C groups due to a lesser amount of carbon in the sample 286 

(see Table 2 and Fig. S4). For comparison purposes, the global carbon percentage was 287 

quantified by calcination of the solids at 500 ºC.  288 

The magnetic properties of the prepared MGX catalysts were analyzed by measuring 289 

magnetization dipole moment (M) versus the applied magnetic field (H) to estimate the 290 

saturation magnetic moment (MS). Fig. 4A depicts the results of M-H curves and Fig. 4B 291 

illustrates the influence of the presence of magnetite in the MS value (also see Table 2). 292 

As expected, an increase in the MS was registered as the percentage of iron in the catalyst 293 
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was raised. For the MG1.0 sample, a value of 55.9 emu g-1 was obtained, which matches 294 

the 60-90 emu g-1 values usually reported for magnetite nanoparticles depending on the 295 

particle size, distribution, and possible oxidation of magnetite nanoparticles to less 296 

magnetic maghemite during the synthesis process 40,41. No maghemite formation was 297 

detected in XRD patterns for MG1.0. The rest of the catalysts showed proportionally less 298 

MS according to their magnetite content. However, this proportionality was inferior to the 299 

expected contribution considering that firstly, the MS value obtained for bare magnetite; 300 

and secondly, that all the iron in the samples is accounting as magnetite (see Fig. 4B). 301 

The formation of oxyhydroxide goethite (α-FeOOH) as proved in SEM-EDAX and XRD 302 

techniques would explain this loss in MS values, especially for MG0.2 and MG0.4. The 303 

lowest MS = 1.41 emu g-1, recorded for MG0.2, is still comparable to the magnetic 304 

saturation moment reported for other similar iron catalysts in water treatment application 305 

24,42,43. Moreover, it allows the physical separation aided with the application of an 306 

external field.  307 

 308 

Figure 4. Magnetic properties of MGX catalysts. A, Magnetization moment (M) vs the 309 

magnetic field applied (H) for the different MGX magnetic catalysts (MG0.2 for inlet 310 

subfigure). B, Influence of magnetite proportion in the saturation magnetization moment 311 

(MS). 312 
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The stability of the MGX catalysts in ultrapure water was assessed at different pH 313 

values by analyzing the leached iron into the aqueous solution. Fig. S5 depicts the amount 314 

of the released total iron in aqueous solution per amount of catalyst after 120 min. The 315 

evolution of iron over time is available in Fig. S6. It was observed that the higher the 316 

amount of iron in the solid, the higher the iron leaching observed, especially for MG0.6 317 

and MG0.8. In contrast, MG0.2 and MG0.4 solids did not release significant amounts of 318 

iron and their use in water solution does not mean a hazard in terms of metal leaching. 319 

Regarding the pH influence, the higher amount of iron was released at pH 7 and 9 for the 320 

catalyst with the highest proportion of magnetite (MG0.6 and MG0.8). The presence of 321 

graphene has been reported to minimize the iron leaching observed at acid pH in 322 

magnetite 44. However, those catalysts with less amount of graphene (MG0.6 and MG0.8) 323 

demonstrated lower stability and higher leaching at basic pH. Furthermore, for the 324 

evolution of these pH values with time, a decrease of the iron concentration in solution 325 

was registered with time (see Fig. S6). This decrease of iron can be attributed to the 326 

adsorption of iron cations onto the graphene surface. 327 

3.2. Catalytic activity for the activation of different inorganic peroxides 328 

3.2.1. Catalytic activity. Influence of magnetite: graphene ratio 329 

The contribution of graphene and magnetite to the catalytic activation of PMS, PS, and 330 

hydrogen peroxide was first studied using sulfamethoxazole (SMX) as a target model 331 

micropollutant. Fig. 5 depicts the temporal evolution of the normalized concentration of 332 

SMX for the different systems and magnetite: graphene ratios. Adsorption experiments 333 

were also accomplished for comparison purposes.  334 

As shown in Fig. 5A, the bare graphene presented a moderate removal of SMX by 335 

adsorption (over 45% in 2h) while magnetite nanoparticles did not show any adsorption 336 
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activity. Intermediate ratios of magnetite, 20 to 60% led to almost 20% of SMX removal. 337 

The solid MG0.8 did not exhibit significant adsorption capacity.  338 

The direct reaction of SMX with H2O2, PDS, or PMS was also studied. As observed 339 

in the respective Figs. 7B to D, the oxidation was negligible in the case of H2O2 or PDS, 340 

and moderate with PMS (30% in 2h). PMS is expected to attack electron-rich regions 341 

such as aromatic rings and double bonds as reported in diverse examples in the literature 342 

45–47. In the case of sulfonamides, electrophilic oxidation of –NH2 to –NO2 and 343 

nucleophilic attack to S atom have been reported in the literature 46. The reaction of SMX 344 

and PMS presents a second-order rate constant in between 0.05-0.23 M-1 s-1, depending 345 

on the pH 47. The simulation of the evolution of SMX with the reported rate constant 346 

under the conditions applied here fits well the experimental data obtained (see the dashed 347 

grey line in Fig. 5B).  348 

The combination of PMS or PDS and magnetic graphene improved in all cases the 349 

removal of SMX registered during the respective processes in the absence of the oxidant 350 

(adsorption). As shown in Fig. 5B to D, PMS was the most efficient when combining 351 

with the magnetic catalysts, followed by PDS with a moderate removal rate and H2O2 352 

was the least active. The low effectiveness of hydrogen peroxide if compared to PMS has 353 

been also reported by Peng et al. 48. In the specific case of MG0.2, which presented the 354 

highest activity of all the magnetic catalysts with considerably magnetic separation, the 355 

addition of PMS, PDS, and H2O2 led to SMX removal percentages of, 86, 73, and 34% 356 

(17% of adsorption, blank test in absence of catalyst) respectively after 2h. In the case of 357 

PMS, if the action of direct reaction is eliminated (30% in 2h), the activities of PMS and 358 

PS after 2 hours are similar. However, from the higher slopes of the normalized curves of 359 

temporal concentration, a higher reaction rate is obtained in the case of PMS. 360 
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 361 

Figure 5. Oxidation of sulfamethoxazole (SMX) by catalytic activation of different 362 

inorganic peroxides (PMS, PS, and hydrogen peroxide) with magnetic graphene. 363 

Influence of magnetite: graphene ratio and oxidant nature. Experimental conditions: 364 

V=250 mL; CSMX,0= 5 mg L-1; Ccatalyst= 50 mg L-1; Coxidant=0.5 mM. Dashed grey line, 365 

simulation of SMX decay by PMS direct reaction with the rate constant available in 366 

literature 47. 367 

The initial rate of SMX removal (rSMX,0, reaction rate at time zero) was calculated from 368 

the slope of the temporal SMX curve at time zero and assessed as a tool to compare the 369 

efficiency of the different catalytic systems. Thus, Fig. 6A depicts the evolution of the 370 

rSMX,0 with the amount of graphene in each solid. As can be observed, magnetite presents 371 

a poor catalytic effect in the activation of either PMS, PS, or hydrogen peroxide. 372 

Similarly, adsorption onto magnetite nanoparticles is negligible. However, the presence 373 
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of graphene in the material considerably increased rSMX,0. A catalytic effect, due to 374 

graphene nanoparticles, can be envisaged if results of rSMX,0 in the presence and absence 375 

(adsorption) of oxidant are analyzed. Moreover, the selection of the oxidant in the process 376 

plays an important role in SMX elimination. Hydrogen peroxide barely improved the 377 

results registered during the adsorption process. Although it has been reported the H2O2 378 

catalysis with Fe3O4-graphene oxide composites can achieve degradation of dyes such as 379 

acid orange 7 49 or methylene blue 50, the low concentration of H2O2 and catalyst dose 380 

used in this study may explain why the catalytic effect is negligible. PDS significantly 381 

accelerated the reaction but not as PMS did. The combination of PDS and Fe3O4-graphene 382 

based materials, either rGO and GO, leads also to a catalytic effect for the degradation of 383 

chlorinated micropollutants such as 2,4-dichlorophenol 21 or thricholoroethylene 51. 384 

However, when PDS and PMS were compared, over double rSMX,0 was observed in the 385 

case of PMS than in the case of PDS addition.  In addition, the use of PDS implies the 386 

release of double sulfate amount if compared to PMS. Furthermore, the analysis of 387 

peroxide conversion can better reflect the performance of catalyst. The effectiveness of 388 

the catalytic activation at different magnetite-graphene proportion was also analyzed in 389 

terms of peroxide consumption after 2 hours, as depicted in Fig. 6B. Also, Fig. 6C shows 390 

the temporal evolution of MG0.2 as an example. It is observed that PMS is consumed at 391 

a higher extent than PS or H2O2 in all catalysts systems tested. Besides, it is also 392 

confirmed that the higher the graphene proportion is, the higher the PMS conversion is. 393 

Maximum PMS conversion was displayed by raw graphene. This value gradually 394 

decreased as the magnetite proportion was increased.  395 
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 396 

Figure 6. (A) Influence of magnetite-graphene ratio in the initial rate of sulfamethoxazole 397 

degradation during the activation of inorganic peroxides with magnetic graphene. (B) 398 

Influence of the magnetite-graphene ratio in the consumed peroxides after 2 h. (C) 399 

Temporal evolution of peroxide conversion in the catalyst MG0.2. Experimental 400 

conditions as shown in Fig. 5. 401 

Although magnetite nanoparticles have been reported as catalytically active for the 402 

production of radicals when combined with H2O2 
52–56, PDS 53,57–59 or PMS 60,61; the rSMX,0 403 

values for the prepared magnetite were lower at the catalyst dose applied  (50 mg L-1). 404 

Hence, the catalytic activity can be attributed to the presence of graphene nanoparticles 405 

in the material, which is thought to take place through the non-radical activation 14,62. 406 

Nevertheless, the presence of magnetite makes the material easily recoverable by the 407 

application of an external magnetic field. There is, therefore, a compromise between the 408 

magnetite and graphene proportion in terms of recovery and catalytic activity, 409 

respectively. The solid MG0.2 was chosen for further study as it has enough magnetic 410 

properties to be separated from the treated water and the highest activity of all the 411 

magnetic catalysts tested. 412 
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3.2.2. Catalytic activity of MG0.2. Influence of micropollutant nature 413 

The graphene catalyst containing 20% of magnetite (MG0.2) was further assessed for 414 

the removal of the other three antibiotics, i.e. norfloxacin, tetracycline, and flumequine 415 

of different nature to sulfamethoxazole. The application of the three oxidants, H2O2, PDS, 416 

and PMS was tested in individual experiments. 417 

In the case of norfloxacin (Fig. 7A), no significant reaction with PDS or H2O2 was 418 

observed; nevertheless, as in the same way as SMX, partial oxidation was registered with 419 

PMS. The PMS-catalytic system was the most efficient, 95% norfloxacin removal in 2 h. 420 

PDS or H2O2 barely improved the results registered with adsorption, 40% of elimination 421 

in 2 h. 422 

As shown in Fig. 7B, tetracycline (TCL) displayed a higher reactivity towards PMS 423 

molecule if compared to SMX. TCL displayed a complete degradation with the direct 424 

reaction of PMS in 2 h. PDS and H2O2 did not oxidize the tetracycline molecule. The 425 

kinetics of the reaction between TCL and PMS can be described as follows: 426 

TCLPMSTCLPMS,
TCL CCk

dt

dC


 (1) 427 

where CTCL and CPMS are, respectively, the concentration of tetracycline and PMS, and 428 

kPMS,TCL represents the second-order rate constant of the reaction. As PMS was in excess, 429 

it can be considered that it is constant during the 2 h of reaction (CPMS=0.5 mM), 430 

simplifying Eq. (1) to a pseudo-first order kinetic expression. The pseudo-first order rate 431 

constant during the direct reaction of PMS and TCL was 0.026±0.001 min-1, leading to 432 

value for kPMS,TC=(3.4±0.1)·103 M-1 s-1. Regarding adsorption removal, it was 80% in 2 433 

h, as shown in Figure 7B. The combination of either PMS or PDS with MG0.2 led to the 434 

complete elimination of tetracycline in 60 min. 435 
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Flumequine was the most recalcitrant organic to oxidation with the most limited 436 

adsorption removal, see Fig. 7C. No direct reaction was observed with none of the three 437 

inorganic oxidants. Flumequine has been reported to present no reactivity towards PMS 438 

63 or PS unless temperature or pH is modified  64. Adsorption led to only 30% of removal, 439 

reaching a plateau after the first 60 min. The addition of H2O2 or PDS barely improved 440 

the results already achieved during adsorption. However, the combination of PMS and 441 

MG0.2 significantly accelerated the elimination of flumequine (90% in 2h). 442 

 443 

Figure 7. Removal of Norfloxacin (A), tetracycline (B) and flumequine (C) by activated 444 

inorganic peroxides with the magnetic graphene MG0.2. Experimental conditions: 445 

V=250 mL; CCEC,0= 5 mg L-1; Ccatalyst= 50 mg L-1; Coxidant=0.5 mM.  446 
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3.3. Peroxymonosulfate activation with MG0.2 in simulated urban wastewater 447 

To test the efficiency and behavior of the catalytic activation of peroxymonosulfate 448 

with MG0.2 in a more realistic scenario, different from ultrapure water, the degradation 449 

study of SMX was extended in a simulated urban wastewater (SUWW) matrix. 450 

3.3.1. Concentration of the catalyst. Comparison of adsorption vs catalytic reaction 451 

The influence of MG0.2 dose was first tested to compare the catalytic effect in the 452 

presence of PMS versus the adsorption process (PMS absence). Fig. 8 shows the evolution 453 

of SMX concentration in the SUWW matrix varying MG0.2 dose within 50-500 mg L-1. 454 

It was observed that at 50 mg L-1 of MG0.2 dose, the SMX removal by adsorption was 455 

negligible in the SUWW matrix, due to the presence of organic matter in higher 456 

concentration than SMX that compete for active adsorption sites. An increase of MG0.2 457 

dose led to higher adsorption removal as more active adsorption points on the surface 458 

were expected to be available. The addition PMS (0.5 mM) enhanced the final removal 459 

of SMX as well as the rate of the process in the entire catalyst dose tested. To analyze the 460 

effect of the catalyst dose on the efficiency of the process, the initial rate of SMX removal 461 

(rSMX,0) was used as a tool. Fig. 8C depicts the estimated rSMX,0 values of adsorption, and 462 

PMS catalysis processes. The rSMX,0 in both processes is positively influenced by MG0.2 463 

dose. The evolution of the ratio rreac,0/rads,0 with the catalyst dose (Fig. 8C) indicates that 464 

the increase of MG0.2 enhanced the adsorption process to a higher extent than the PMS 465 

catalytic process. 466 
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 467 

Figure 8. SMX removal in the SUWW matrix. Effect of MG0.2 dose in the adsorption 468 

(C) and PMS catalytic removal (B). Comparison of initial SMX removal rate of 469 

adsorption (empty bars) vs PMS activation (filled bars) with the catalyst MG0.2. 470 

Experimental conditions: V=250 mL; CSMX,0=5 mg L-1; CPMS,0=0.5 mM (if applied); 471 

pHi=9.2±0.1 472 
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3.3.2. The Initial concentration of peroxymonosulfate and sulfamethoxazole 473 

The influence of initial PMS and SMX was assessed in the respective experimental 474 

series. The initial concentration of PMS was studied in a range of 0.10-10 mM. The 475 

evolution of SMX and the initial rate of SMX removal are depicted in Fig. 9A. The initial 476 

PMS concentration exerted a positive effect with an important increase of the initial SMX 477 

removal rate. Unlike the radical chemistry of PMS in which an overdose of PMS 478 

frequently affects negatively due to the auto-consumption of the unreacted PMS 479 

molecules with the radicals generated 65 to produce less active species; this behavior was 480 

not observed in this process. From the adjustment of rSMX,0 with initial PMS concentration, 481 

it is observed an optimum of PMS dose (around 2-5 mM) after which the initial SMX rate 482 

keeps constant. Fig. 9B shows the influence of initial SMX concentration. The analysis 483 

of rSMX,0 proved that the rate increased with the higher SMX amount in solution. Although 484 

from the evolution of this variable with initial SMX, a plateau can be envisaged, this 485 

behavior was out of the limit of the range studied (> 10 mg L-1). 486 

 487 

Figure 9. SMX removal in the SUWW matrix. Influence of initial PMS (A) and initial 488 

SMX concentration (B). Experimental conditions: V=250 mL; CSMX,0=5 mg L-1; 489 

CMG0.2=250 mg L-1 (A) CPMS,0=0.5 mM (B); pHi=9.2±0.1.  490 
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3.3.3.  Effect of pH 491 

pH is an important variable to be studied in the design of technologies based on PMS. 492 

The influence of pH has been studied within the range of 3-9. Due to the content of 493 

inorganic salts that can buffer the pH in the SUWW matrix, only H2SO4 acid and NaOH 494 

were added to adjust the pH to the desired value after PMS addition. Fig. 10A shows that 495 

an increase of pH affected negatively the removal of SMX, especially at pH values up to 496 

13. From the analysis of the evolution of the initial removal rate of SMX with pH and the 497 

physical electrical interactions, it is expected a negative effect at a pH higher than the pKa 498 

of SMX. The pHpzc of the catalyst MG0.2 was 4.83 (see Fig. 10B). This means that the 499 

surface of the solid is positively charged at pH below 4.83, and negatively charged at 500 

higher pH values. SMX molecule has two different pKa values; it is protonated at pH 501 

below 1.7, neutral within pH 1.7-5.7, and dissociated, that means negatively charged, at 502 

pH>5.7 66. Therefore, electrostatic repulsions between SMX and MG0.2 surface are 503 

expected at a pH higher than 5.7, which explains the negative effect registered during 504 

SMX removal when raising the pH. This aspect must be taken into account for practical 505 

design purposes of processes focused on wastewater since the pH of this wastewater 506 

matrix is usually in the range of 7-8.  507 
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 508 

Figure 10. SMX removal in the SUWW matrix. Influence of pH in PMS catalytic 509 

activation. Evolution of normalized concentration of SMX (A). Evolution of initial 510 

removal rate of SMX vs pH and determination of the pHpzc of MG0.2 (B). Experimental 511 

conditions: V=250 mL; CSMX,0=5 mg L-1; CMG0.2=250 mg L-1; CPMS,0=0.5 mM. 512 
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of these substances, which compete with the micropollutant for adsorption and oxidation, 528 

does not impose a considerable negative effect at the concentration levels they are in real 529 

matrices and, therefore, they do not compromise the potential of this technology for real 530 

applications 70. Nevertheless, if the concentration of the organic matter is doubled or 531 

higher (TOC higher than 22±1 mg L-1), the feasibility of the technique is considerably 532 

reduced. A practical solution would be an increase of the catalyst and/or PMS dose to 533 

compensate for the matrix effect; however, the latter one would introduce more sulfate in 534 

the solution. 535 

 536 

Figure 11. SMX removal in the SUWW matrix. Influence of SUWW concentration in 537 

PMS catalytic activation. Experimental conditions: V=250 mL; CSMX,0=5 mg L-1; 538 

CMG0.2=250 mg L-1; CPMS,0=0.5 mM; pHi=9.2±0.1 539 

3.3.5. Identification of the oxidative mechanism: scavengers and EPR studies 540 

It is hypothesized in carbonaceous materials that the peroxide bond in PMS can be 541 

activated to generate singlet oxygen, through electron transfer from HSO5
- molecule to 542 

positively defective carbon sites in the surface of reduced graphene oxide (rGO) 71. 543 

However, the oxidation role of 1O2 seems to be debatable in detriment of electron transfer 544 

reactions on the surface of the catalyst, especially under acidic conditions where the 545 
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Fig. 12A depicts the results of the initial SMX removal in the presence of ethanol 547 

(EtOH), tert-butyl alcohol (TBA), sodium azide, furfuryl alcohol (FFA), and L-Histidine 548 

(L-H). Experiments have been carried out in ultrapure and SUWW matrix. EtOH and 549 

TBA are good HO• radical scavengers since both react fast, with a second-order rate 550 

constant in the order of 109 and 108 M-1 s-1, respectively. However, with sulfate radicals, 551 

TBA presents 1000 magnitude less reactivity compared to HO• while EtOH is 100 times 552 

less reactive 8. For that reason, the comparison of the efficiencies in the presence of EtOH 553 

vs TBA can be used to differentiate the role played by sulfate radical and hydroxyl radical 554 

73. Fig. 12A shows that EtOH and TBA did not influence the initial rate of SMX removal 555 

either in ultrapure or in SUWW, which gives evidence about the lack of free radicals as 556 

the main ROS involved in the process. Therefore, a combined contribution of radical and 557 

non-radical pathways, as reported for catalytic activation of PMS based on metallic 558 

catalysts 74, is dismissed. 559 

To further evaluate the non-radical contribution, NaN3, FFA, and L-H were tested 560 

subsequently. NaN3 and FFA are considered good quenchers for 1O2 with the rate 561 

constants of 1·109 and 1.2·108 M-l s-l, respectively. L-Histidine reacts with singlet oxygen 562 

with a rate constant of 3·107 M-1 s-1. These three scavengers are not completely selective 563 

towards singlet oxygen as they also react with free radicals and even PMS 75. As reported 564 

in the literature76, the consumption of PMS was accelerated in the presence of these 565 

scavengers following the order NaN3 > L-H > FFA (see Fig. S7). Therefore, the 1O2 566 

quenching effect cannot be entirely assumed. However, as the previous test with EtOH 567 

and TBA indicated, the contribution of free radicals is negligible. Since rSMX,0 is 568 

considered as a tool for comparison purposes, the influence of the direct reaction of the 569 

scavengers and PMS is minimized. The depletion of PMS during the first 5 min did not 570 

reach in any case over 40%. At the concentration of scavengers used during the tests, 10 571 
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mM, NaN3 and FFA led to partial inhibition but the process was not completely inhibited 572 

if compared to adsorption. In this sense, L-Histidine led to better results. In the presence 573 

of L-H, mostly all the reaction contribution was suppressed, reaching almost the same 574 

initial SMX rate as observed during the adsorption process. These results indicate that the 575 

oxidation of SMX may take place by non-radical activation of PMS. However, the 576 

inhibition observed in rSXM0 is also due to the consumption of PMS by L-H, FFA, or 577 

NaN3. The contribution of singlet oxygen may be major, due to the alkaline pH value of 578 

the SUWW matrix. Nevertheless, mediated electron-transfer reactions may also 579 

contribute to the process as reported recently in similar studies of PMS activation with 580 

carbonaceous materials 77.  581 
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Figure 12. (A) Initial SMX removal rate in the presence of scavengers in ultrapure (filled 583 

bars) and SUWW matrix (checkered bars) during PMS-catalytic activation. Experimental 584 

conditions: V=250 mL; CSMX,0=5 mg L-1; CMG0.2=250 mg L-1; Cscavenger= 10 mM; 585 

CPMS,0=0.5 mM; pHi=9.2±0.1. EPR spectra of PMS-catalytic activation using DMPO (B) 586 

and TEMP (C) for singlet oxygen trapping. Experimental conditions: CMG0.2=250 mg L-
587 

1; CTEMP/DMPO=0.1 M; CPMS,0=0.5 mM; pHi=9.2±0.1. (D) EPR intensity of TEMP-adduct 588 

during the activation of PMS with different doses of MG0.2. Experimental conditions: 589 

CMG0.2=50-500 mg L-1; CTEMP/DMPO=0.1 M; CPMS,0=0.5 mM; pHi=9.2±0.1.  590 

Electron Paramagnetic Resonance (EPR) technique was used to corroborate the non-591 

radical activation of PMS and elucidate the nature of the process through singlet oxygen 592 

formation or electron transfer mediated reaction.  DMPO (5,5-dimethyl-1-pyrroline-N-593 

oxide) was used as trapping agent of radicals, e.g. hydroxyl radical, sulfate radical, and 594 

superoxide 78. Fig. 12B shows the EPR spectra of the aqueous solution with PMS, the 595 

catalyst MG0.2, and DMPO. From the lack of peaks, it can be concluded that no 596 

significant DMPO-OH, DMPO-SO4, or DMPO-O2 were generated in the PMS catalytic 597 

activation, which supports the non-radical activation of PMS. In the presence of 4-amino-598 

2,2,6,6- tetramethylpiperidine (TEMP), a TEMP-adduct (named as TEMPO) was 599 

detected, see Fig. 12C. The typical (1:1:1) triplet peak of the TEMPO was registered in 600 

the absence of catalyst which is consistent with the activation of PMS in alkaline 601 

conditions to release 1O2 
79. This triplet peak was gradually enlarged in the presence of 602 

increasing doses of MG0.2 (see Fig. 12D). Although TEMPO nature in the absence of 603 

catalyst is linked to the oxidation by singlet oxygen 79, there is debatable reasoning when 604 

extrapolating it to the catalyzed systems, especially those involving carbonaceous 605 

materials 72. The occurrence of TEMPO in the EPR spectra is inconclusive evidence of 606 

1O2 formation. TEMPO signal could also correspond to an electron-transfer reaction in 607 

which the carbonaceous catalyst acts as an electron transfer mediator from TEMP to PMS, 608 

leading to the formation of the TEMP•+ radical 80. This TEMP•+ radical undergoes further 609 
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deprotonation and combination with dissolved oxygen to produce the observed TEMPO 610 

signal. This alternative route can be confirmed with an EPR test of TEMP in the presence 611 

of D2O, an oxygenation enhancer. D2O has been used as a strong evidence of singlet 612 

oxygen presence due to the higher stability of 1O2 in this deuterated medium. 613 

Accordingly, 1O2 may have been produced as consequence of electron transfer mediated 614 

onto the surface of the material to trigger the formation of superoxide radical as reported 615 

for Cu-rGO69 or CuOMg-Fe3O4
81 heterostructures. The presence of superoxide radical 616 

was negligible as suggested by the lack of a DMPO-adduct. Besides, if 1O2 was produced 617 

in the process, the TEMPO signal in the presence of D2O should increase if compared to 618 

the corresponding observed with H2O. However, it was not the case. A decrease in the 619 

signal was registered in all the tested catalyst doses. This fact provides evidence of 620 

electron transfer from the organic TEMP to the PMS as responsible for the non-radical 621 

oxidative route. 622 

3.3.6. Loss of activity in reusing cycles 623 

The loss of activity was evaluated by carrying out parallel sequential cycles of reaction 624 

and adsorption of SMX in the real SUWW matrix. For comparison purposes, the tests in 625 

ultrapure water were also completed. The solid was recovered with the help of a magnet 626 

and dried overnight (100 °C). To balance the amount of solid lost during the filtration of 627 

samples in each cycle and the thereafter recovery, the volume of solution was readjusted 628 

after each test to meet the required initial catalyst concentration. Fig. 13 shows the 629 

evolution of the initial SMX removal rate for adsorption and PMS-reaction in the 630 

ultrapure water and SUWW matrix. In the case of ultrapure water, a stable behavior for 631 

the catalyst in the presence of PMS was observed. Adsorption led to stable behavior but 632 

in the fourth cycle is envisaged a partial loss due to the saturation of the surface with 633 

SMX molecules. In the SUWW matrix, a loss in the activity for PMS-reaction was 634 



35 
 

observed during the two first cycles. After that the rSMX,0 keeps constant after the third 635 

run. This behavior was also observed during adsorption in the SUWW matrix. The 636 

presence of diverse substances in the matrix that competes with SMX for active reaction 637 

sites on the surface may explain this behavior if results in ultrapure water and SUWW 638 

matrix are compared. 639 

 640 

Figure 13. Deactivation of the MG0.2 catalyst in sequential reusing cycles of SMX 641 

removal in ultrapure water (A) and SUWW matrix (B). Evolution of the initial SMX 642 

reaction rate with recycling for adsorption (filled bars) and PMS-catalytic activation 643 

(checkered bars). Experimental conditions: V=250 mL; CSMX,0=5 mg L-1; CPMS,0=0.5 644 

mM; CMG0.2=250 mg L-1; pHi=9.2±0.1 645 

4. CONCLUSIONS 646 

The incorporation of magnetite is an attractive strategy to synthesize magnetic 647 

graphene with application in water treatment. A stable and recoverable catalyst with low 648 

metal leaching was obtained in this study. Graphene exhibits higher catalytic activation 649 

of inorganic peroxides, especially peroxymonosulfate if compared to bare magnetite. 650 

Therefore, the proportion of magnetite should be designed according to the application 651 

under a magnetic field, raising the ratio of graphene in order not to compromise the 652 

catalytic activity. Magnetic graphene was efficient in the removal of antibiotics in 653 

ultrapure and wastewater depending on the nature of the organic. Those compounds with 654 

low adsorption removal and/or low reactivity towards PMS molecule, i.e. norfloxacin and 655 
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flumequine, showed the best improvements when the simultaneous application of PMS 656 

and magnetic graphene was applied. Moderate improvements on the reaction rate were 657 

found in sulfamethoxazole and to less extent in flumequine, due to their reactivity towards 658 

PMS molecule or affinity towards adsorption on the solid. In wastewater, it was necessary 659 

to increase five or even ten times the catalyst dose to reach similar percentage degradation 660 

rates of the target compound due to the competition with other substances in the 661 

background for adsorption onto active sites. The initial dose of PMS after an optimum 662 

value did not affect substantially the efficiency in the process. pH values around 5 showed 663 

the best performance on the removal of antibiotics. From the scavenger study, a non-664 

radical activation of peroxymonosulfate may be hypothesized. EPR technique not only 665 

provided evidence to affirm the occurrence of the hypothesized non-radical mechanism 666 

but also to elucidate that this non-radical mechanism takes place via electron-transfer 667 

reaction from the organic to PMS onto the surface of the graphene-based material, 668 

discharging the formation of 1O2. The catalyst performance was completely stable in 669 

ultrapure water after recycling while a slight decrease during the first runs was registered 670 

in the wastewater. The heterojunction of magnetite nanoparticles and graphene is a 671 

feasible strategy for the catalytic activation of inorganic peroxides and its application in 672 

the treatment of aqueous organic micropollutants. This strategy, however, involves the 673 

addition of peroxymonosulfate in water whose presence may be limited or be negative 674 

depending on the further use of wastewater. 675 
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