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Abstract

Magnetite and titania have been supported onto graphene for the photocatalytic
ozonation removal of aqueous micropollutants. Titania and magnetite were successfully
attached to graphene nanoparticles keeping with a reasonable separation and
photocatalytic activity. Although the presence of graphene did not enhance the
photoactivity of bare titania, graphene acted as a good support of magnetite nanoparticles
and removed the leaching of iron, a problem observed with the graphene free composite.
The synthesized photocatalysts were characterized by diverse techniques. The efficiency
of the processes involving ozone was assessed by different tools such as HO® exposure vs
time, Rcr and Ruo.,03 ratios. Photocatalytic ozonation was the most efficient for the
removal of the target compound and mineralization. No loss of activity was registered
after reusing or appreciable iron leaching. Finally, the catalyst was also tested in a real
secondary effluent from a wastewater treatment plant containing ten micropollutants of

emerging concern.

Keywords: magnetic graphene, titania, photocatalytic ozonation, solar light, water

treatment
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1. INTRODUCTION

The high standard of life reached by current Society demands the use of a huge number
of organic substances that are still under research and development every day. However,
the concern related to the presence of these organics in the Environment is raising among
the research community due to the harmful properties and their impact in the natural
ecosystems [1]. Concretely, Contaminants of Emerging Concern (CECs) are organic
micropollutants, i.e. reported at very low concentration, from diverse families of organics:
pharmaceuticals, personal care products, plasticizers, perfluorochemicals, food additives,
legal and illegal drugs, pesticides, etc. [2—4]; that have been detected in diverse aqueous
ecosystems for the last decades. Furthermore, these substances generate some stable
degradation products named as metabolites. The acute toxicity of CECs is not always
alarming as the concentration they are reported at is below pg L', commonly in the ng L-
!range. In addition, their interaction with human life and the Environment is not well
understood. No studies of how they affect the life cycle in the long term are available [5].
Nevertheless, some groups of these substances do generate a concern impact in the short
term. For example, the presence of antibiotics in the Environment is making microbes to

be more resilient as they adapt themselves against the antibacterial properties [6,7].

Although drinking water treatment plants generally are designed to remove specific
organic pollutants when required, conventional Urban WasteWater Treatment Plants
(UWWTPs) do not consider specific stages for that purpose. This makes UWWTPs to be
a hotspot of CECs release into aquatic ecosystems [8,9]. Thus, new technologies to face

the problematic of CECs are needed.

Advanced Oxidation Processes (AOPs) have demonstrated to be efficient in the
oxidation of almost all kind of organics in water [10—-12]. AOPs rely on the production of

hydroxyl radicals in enough concentration to oxidize organics, approaching in some cases
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high mineralization extent as the oxidation is focused on the production of carbon dioxide
and inorganic anions. Ozone is a versatile and moderate oxidant that does not produce
residues when used in water treatment. Ozone can react, first, unselectively by direct
attack of the O3z molecule to e.g. unsaturated bonds or aromatic rings; and secondly, by
triggering a decomposition mechanism into hydroxyl radical as the main oxidant species.
However, ozonation by itself poses low potential of mineralization [13]. That is why
different technologies that enhance the decomposition of aqueous ozone into HO" have
gained the attention of researchers. Among all envisaged technologies, photocatalytic
ozonation is one of the most powerful due to the high mineralization extent capability
[14—18]. That means, that not only the targeted compounds are oxidized, but also the

intermediates and a great extent of the final oxidation products such as organic acids.

Titanium dioxide, activated with radiation below 387 nm [19], has led the study of
photocatalytic ozonation processes due to its high stability, low toxicity and price, if
compared to other photoactive catalysts. Although the solid frequently has been displayed
in slurry reactors; this disposition lacks interest since further recovery of the catalyst is
required, which is economically low attractive. The immobilization of the solid is one
strategy trying to deal with this problem [20], even though some radiation adsorption
effectiveness is reduced if compared to slurry setup [21]. Alternatively, magnetization of
the catalyst has been proved to be an efficient strategy to take advantage of the high
radiation adsorption in slurry disposition and easy recovery by applying and external
magnetic field after use [22,23]. In this sense, for TiO> photocatalysis, some magnetic
solids containing Fe3O4 with high photocatalytic activity have been proposed [24].
Different high specific surface area supports have been previously tested for magnetic-
based TiO> using carbonaceous materials such as activated carbon [25,26] or multi-walled

carbon nanotubes [27,28]. Graphene, which is defined a single monolayer of hexagonal
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carbon, is also a high surface material with high delocalization of n electrons, which

confers on it promising properties as nano-adsorbent [29] and nano-catalyst [30-33].

This work reports the study of magnetic titania photocatalysts using graphene as
support for the photocatalytic ozonation process, under solar simulated radiation, of
aqueous contaminants of emerging concern. Different photocatalysts varying the ratios
of the photocatalytic specie (Ti0z), magnetic specie (Fe3O4) and support (graphene) have
been tested using preliminary studies in ultrapure water with cotinine, which is
recalcitrant to oxidation metabolite of nicotine [34], frequently reported in wastewater
effluents [35-38]. Different techniques have been used for the characterization of the
synthesized materials (i.e. SEM-EDX, TEM, XRD, FTIR, Raman, N> isotherm, XPS,
XRF, DRS-Vis, SQUID...) in order to analyze the influence of superficial and textural
properties on the photocatalytic activity. The material with higher activity was tested for
stability in consecutive recycling and iron leaching was only observed in graphene free
composite at values well above the detection limit. Finally, deeper testing for oxidation
of'a mixture of CECs (bezafibrate, caffeine, ciprofloxacin, clofibric acid, cotinine, DEET,
ibuprofen, metoprolol, sulfamethoxazole and tritosulfuron) at low concentration and

dissolved in a real UWW effluent is accomplished.

2. EXPERIMENTAL
2.1. Chemicals and materials

Cotinine analytical standard (CTN, CioH12N20, CAS: 486-56-6, >98%), bezafibrate
(BZF, C19H20CINO4, CAS: 41859-67, >298%), caffeine (CAF, CsH10N1O2, CAS: 58-08-
2, 299%), clofibric acid (CLO, CICsHsOC(CH3).COH, CAS: 882-09-07, 97%),
ibuprofen sodium salt (IBP, C13H702Na, CAS: 31121-93-4, >98%), metoprolol tartrate
(MTP, (Ci5sH25NO3)2:CsHsOs, 56392-17-7, 99%), N,N-diethyl-m-toluamide (DEET,

C12H17NO, 134-62-3, 97%), sulfamethoxazole (SMX, CioH11N303S, 723-46-6, >98%)

5
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and tritosulfuron (TSF, C13HoFsN504S,142469-14-5, >98%) were acquired from Sigma-
Aldrich®. Ciprofloxacin (CPR, Ci7H;sFN303, CAS:85721-33-1, 98%) was supplied by
Acros Organics®.

For catalyst synthesis, commercial xGnP® graphene nanoplatelets from Sigma-
Aldrich® was used (particle size < 2um, thickness few nm, specific surface area 750 m?
g’h). Titanium (IV) iso-propoxide (Sigma-Aldrich®) and pure iso-propanol (Panreac®)
were used in the TiO» solvothermal method synthesis. All chemicals were used as-
obtained without any further purification.

The rest of the chemicals used for analytical purposes were analytical grade and
purchased from Panreac®. HPLC-grade acetonitrile (Panreac®) was used in liquid
chromatography. Ultrapure Milli-Q® from an Integral 5 system (resistivity 18.2 MQ cm)
was used for the preparation of all the solutions. Urban WasteWater (UW W) coming from
a secondary clarifier after biological treatment was collected from the local WasteWater
Treatment Plant (WWTP) of the city of Badajoz in the spring of 2019 (capacity for
160,000 equivalent inhabitants), filtered with paper filters (=11 um) and stored at -4 °C
until further use. Table 1 summarizes the main characterization parameters of the UWW.

Table 1. Characterization parameters of the UWW effluent

Parameter (units) Mean value % error
pH 8.4+0.1
Conductivity (uS cm™) 960
Turbidity (NTU) 5.2

Total Organic Carbon, TOC (mg L) 20.2 £0.7
Inorganic Carbon, IC (mg L) 58£2
Chloride (mg L") 104+9
Nitrate (mg L) 0.41+0.02
Phosphate (mg L) 0.24 +0.02
Sulfate (mg L) 60+3
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2.2. Catalyst synthesis and characterization

The synthesis of magnetic graphene-TiO> based photocatalysts was adapted from
literature [39]. Briefly, the procedure was as follows. Firstly, magnetite nanoparticles
were obtained by simultaneous co-precipitation of Fe’* and Fe?" at the same molar ratio
under alkaline conditions. Thus, 20 mmol of FeClz-6H>O and 20 mmol of FeSO4-7H,O
were dissolved in 200 mL of ultrapure water under N> bubbling and magnetic stirring.
Solution pH was raised until the value of ~9.0 by dropwise of concentrated aqueous NHj3
solution. The magnetic particles were washed with water under stirring, recovering the
particles with the help of a magnet. The washed solid was dried overnight at 80°C.
Secondly, magnetic graphene was prepared by sonicating a certain amount of the
previously obtained magnetite and commercial graphene in 200 mL of iso-propanol.
Different weight ratios of magnetite:graphene (X:1) were considered, labeling them as
MGX. Thirdly, TiO> was incorporated to the magnetic-graphene substrate by
solvothermal method. For that purpose, 10 mL of titanium (IV) iso-propoxide were
dissolved in 50 mL of iso-propanol and a desired amount of MGX was added to the
solution. The catalyst was labeled as Y-MGX-Ti where Y stands the mass percentage of
MGX in comparison to the theoretical TiO; incorporated in the process. Precipitation of
titanium was accomplished by adding 5 mL of ultrapure water and the solution was
transferred to a 200 mL autoclave. Thermal treatment was undergone at 180°C during 16
h. The final solid was washed with ethanol and ultrapure water several times. Finally,

solid was dried under vacuum at 80°C and kept overnight at 80°C.

Graphene percentage was thermogravimetrically obtained by calcination at 800°C. The
ratio Fe/Ti was quantified by Wavelength Dispersive X Ray Fluorescence (WDXRF) in

a S8 TIGER® device (Bruker), equipped with Rh X-ray source (4 kW).
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Morphology of the solid was studied by Scanning Electron Microscopy (SEM) in a
QUANTA 3D FEG (FEI Company) device, equipped with BSED (Backscattered

Electron Diffraction) and EDX (Energy Dispersive X-ray) analysis.

N2 adsorption isotherm technique was conducted to evaluate the textural properties,
using a Quadrasorb EvoTM apparatus (Quantachrome Instruments). Aautosorb 1Q-c
software was used to obtain BET surface area (0.05<p/p0<0.35), as well as analysis of
external surface area and micropore volume distribution. Samples were previously

outgassed at 150°C for 12 h under vacuum.

Microcrystalline structure was analyzed by X-Ray Diffraction (XRD), performed in a
D8 ADVANCE device (Bruker) equipped with Vério-1 Gel1l1 monochromator (Cu Kai,

radiation 1.5406 A), registering within an angle range (20) 5-70°.

Raman spectra were obtained in a Nicolet™

Almega XR Dispersive Raman
Spectrometer (Thermo Scientific™) provided with a laser at 633 nm. Fourier

Transformed InfraRed (FTIR) spectra were registered in a Nicolet™ iS10 FTIR

spectrometer (Thermo Scientific’™) in the range 7800-350 cm™'.

Superficial oxidation states and surface oxygenated groups were analyzed by X-Ray
Photoelectron Spectroscopy (XPS) in a Kratos Axis Ultra DLD device operating with
monochromatic Al Ka radiation (1486.6eV) and a selected X-ray power of 150 W.
Spectra were corrected to 284.8 eV for C-C bounding in C 1s peak. The deconvolution of
the peaks was carried out with help of XPSPeak 4.1 software, adopting a Shirley type

background correction.

Optical properties were studied in a Diffuse Reflectance UV-vis spectrophotometer
(DR-UV-vis), UV-vis-NIR Cary-5000 (Varian Technologies), equipped with integrating

sphere device. Band gap was calculated following Tauc’s method [40].
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Magnetic properties were measured using a 7 Tesla Quantum Design MPMS XL
Superconducting Quantum Interference Device (SQUID). The magnetic moment, M, was
measured as function of applied magnetic field (from 0 to 7 T) at room temperature (300

K).
2.3. Photocatalytic ozonation tests

Photocatalytic tests were carried out in a simulated solar box SUNTEST CPS+ (Atlas)
equipped with Xe arc lamp and emitting radiation at >300 nm. A glass borosilicate
spherical reactor, with 500 mL of water solution, was placed in the center of the solar
simulator and kept under magnetic stirring. Pure O or O2-O3 gas mixture, with ozone
generated in a Anseros COM-AD-01 apparatus, was bubbled at a rate of 30 L h’!,
containing 10 mg Os L' (when needed). Ozone concentration in the gas phase was
continuously monitored by means of an Anseros GM device (spectrophotometric
measurement at 254 nm), connected to the gas outlet/inlet of the reactor. A detailed

experimental setup scheme can be checked in previous works [41].

Experiments started with a 30 min adsorption period, when required, to ensure the
adsorption equilibria on the catalyst surface. Photocatalytic ozonation started by
simultaneously application of radiation and ozone bubbling. In experiments in which
radiation was not necessary, for temperature profiles comparison, radiation was supplied
but the reactor was prevented from radiation by covering it with aluminum foil. At
different times aqueous samples were withdrawn, removing residual dissolved ozone by
bubbling air and filtering the catalyst with Millex®-HA syringe filters (0.45 pm,

Millipore®), when required.
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2.4. Analysis of aqueous samples

The concentration of organic pollutants was analyzed by HPLC in a UFLC Shimadzu
Prominence LC-20AD device equipped with Diode-Array detection. The column used
for the chromatographic separation was a core-shell Kinetex® (C18, 2.6 pm, 2.1x30 cm),
kept at 30°C. For individual analysis of cotinine, a mixture A:B=5:95 acetonitrile:
acidified water (0.1% H3POs), was pumped at a rate of 0.5 mL min™'. Quantification was
conducted at 259 nm. The method followed for the mixture of the contaminants was a
gradient, with the same flow rate, starting with A:B=5:95 during 5 min, thereafter the A
proportion was raised until 95:5 in 15 min, and hold during 1 min to go back to the initial
conditions in 9 min. Detailed information on quantification wavelength and retention

times are provided in Table S1.

Dissolved ozone in the aqueous phase was determined by the colorimetric method

based on the discoloration of indigo trisulfonate [42].

Total Organic and Inorganic Carbon was quantified in a Shimadzu® TOC-Vcsu

coupled to ASI-V automatic injector.

Short organic acids (acetic, propionic, formic and oxalic acid) and inorganic anions
(chloride, nitrate, phosphate and sulfate) were analyzed by ionic chromatography in a
Methrom® 881 Compact IC pro equipped with chemical suppression. The mobile phase
program was a gradient of 0.7 mL min™ of Na,CO;3 from 0.6 mM to 14.6 mM in 50 min,

with 10 min of equilibration.

The released iron into solution was quantified spectrophotometrically as total iron by

ferrozine method (Spectroquant®, Merck).

10
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3. RESULTS AND DISCUSSION

3.1. Characterization of the photocatalysts

The composition of the synthetized photocatalysts were studied by combining
different techniques. The carbon percentage was calculated by calcination and the ratio
of Fe:Ti by WDXREF analysis. Table 2 summarizes the results. As shown, the proportion
of MG1 was close to 1:1. The percentage of the incorporated titania was slightly lower to
the expected, but matching quite well with the theoretical desired. However, the amount
of magnetite was generally inferior to a ratio 1:1 graphene magnetite in Y-MG1-Ti solids.
There was a clear loss of magnetic particles during the washing step of the catalyst
preparation. This latter aspect is even more obvious when the proportion graphene-
magnetite was increased two and three times in the 10-MG2-Ti and 10-MG3-Ti. The loss
of magnetite particles during the synthesis process could be attributed to a lack of real

affixing during the thermal treatment in the solvothermal method.

The morphology of the photocatalytic particles was also studied by SEM technique.
From the micrographs in Fig. S1, a wide variety of particle sizes within 10 and 50 um
was appreciated. An EDX mapping confirmed the presence of titanium and iron on the
surface, as well as verified the distribution of magnetite and titania particles. The
superficial composition estimated by EDX was in good agreement with the composition
calculated by WDXRF, as shown in Table 2. From the distribution of carbon in EDX
scanning, it can be observed that graphene acts as support of titania and magnetite

particles.

Textural properties were analyzed by N> adsorption isotherm (graphs available in Fig.
S2). The raw commercial graphene presented a BET specific area of 669 m? g™!, which is
close to the value available from the manufacturer (750 m?> g!). The solvothermal

prepared TiO2 had a good surface area, 146 m? g”!, if compared to other nanosynthesized

11
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titania. The addition of magnetic graphene support did not affect significantly the final
surface area, being in all the cases in between 150-200 m? g!. Nevertheless, there is a
correlation of the amount of graphene, e.g. with the highest graphene:magnetite ratio, and
the increase of the superficial area in the Y-MG1-Ti photocatalysts. Additionally, the pore
volume and its distribution (see Fig. S2) was analyzed by Density Functional Theory
(DFT), concluding that graphene support was the most porous material. All the
photocatalysts had similar pore volume (in the proximity of 0.320-0.374 cm® g!) and

similar pore distribution as it is highly influenced by the predominant content of titania.

12



Table 2. Elemental, superficial, optical and magnetic properties of the synthesized photocatalysts

Composition Textural properties Optical Magnetic properties
(weight, %) properties
Theoretical
Catalyst - BET area Pore B Saturation saturation
C Fe304 TiO: m? g) volume? V) Moment moment?
(em3 g (emu g ) (emu g)
Graphene 100 - - 669 0.856 n.m. n.m. n.m.
MGl 53.6 45.0 - 56 0.516 n.m. 34.5 31.5
10-MG1-Ti 9.9'/ 6.5 4.2'74.5° 85.91/88.82 171 0.374 3.15 2.74 2.94
10-MG1-Tire 2.1 4.4 92.6 142 0.322 n.m. n.m. n.m.
20-MG1-Ti 14.1'/9.52  85'9.02  77.1/81.5* 178 0.313 3.15 5.53 5.95
30-MG1-Ti 17.6'/14.32  13.2Y/12.82  69.2!/72.9% 200 0.352 3.15 8.89 9.24
10-MG2-Ti 10.7 53 84.0 146 0.379 3.15 3.72 3.71
10-MG3-Ti 7.5 6.8 85.7 150 0.327 3.05 4.55 4.76
Ti0, - - 100.0 146 0.320 3.21 n.m. n.m.

!Carbon thermogravimetrically quantified (calcination 800°C). Magnetite and titania by WDXRF

2Measured by EDX analysis in SEM
30btained through Density Functional Theory (DFT) methodology

“Calculated according to the Fe304 composition and the saturation magnetization measured for pure Fe;O4 (70 emu g)

n.m. not measured

13
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The crystalline composition of the different photocatalysts was qualitatively studied
by X-ray Diffraction (XRD) technique. Fig. 1 depicts diverse diffractograms of some
studied photocatalysts. Graphene XRD pattern was characterized by the presence of
hexagonal graphitic peaks, i.e. mean peak at 26.7° and residual at 44.3°. After
incorporating magnetite to obtain MG1, diverse peaks of cubic magnetite were observed,
the most important located at 35.5° (minor peaks 30.1, 43.1, 53.7, 54.8 and 62.6°).
Moreover, MG1 showed a small contribution of graphene peak (26°). The synthesized
bare titania was also analyzed, confirming the presence of anatase with a main peak
located at 25.2° (minor peaks at 37.7, 47.8, 53.7 54.8 and 62.4°). The XRD diffractogram
of 10-MG1-Ti is characterized by the presence of the peaks of anatase, whose relative
intensity was higher than magnetite, i.e. only the peak at 35.5° of cubic magnetite was
appreciated. This peak increased as the proportion of MG1 was raised. Therefore, the
presence of anatase and magnetite was confirmed in all Y-MGX-Ti photocatalysts,
showing a relatively increase in the magnetite peak (i.e. 35.5°) when its proportion was
increased. The presence of graphene in Y-MGX-Ti was not possible to confirm by this

technique due to the higher relative intensity of anatase peak.

14
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Figure 1. XRD pattern of Y-MGX-Ti photocatalysts

Thus, the presence of graphene was confirmed by Raman spectroscopy for the 10-
MG1-Ti photocatalyst, see Fig. S3A. Raman patterns for titania, magnetite and graphene
were also accomplished for comparison purposes. Particular information can be extracted
from the Raman pattern of graphene in which three peaks are usually observed. The peak
around 1350 cm™ (D) is referred to disordered carbon, the G peak at ca. 1580 cm! is
attributed to the hexagonal carbon present in graphene and the 2D-band, which gives
information of the stacking order of graphene layers. The thickness of graphene
nanoplatelets can be estimated by the relative intensity of 2D and G peak. A value up to
2 has been reported in the literature for monolayer graphene [55]. The Raman pattern for

15
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the commercial graphene showed that I,p/I=2.4. Alternatively, the Full Width at Half
Maximum (FWHM) for 2D peak has also been studied for graphene materials of different
layers [56]. A value of 25.6 cm™' was estimated in this study, which coincides with the

proposed value for monolayer graphene (FWHM=26 cm™! [56]).

Additionally, Fourier Transform InfraRed spectroscopy (FTIR) was tested to evaluate
the presence of oxygenated superficial groups (Fig. S3B). A wide band at ca. 3400 cm™,
attributed to the stretching vibration of the hydroxyl group was observed in all the solids
analyzed which qualitative justified the presence of coordinated —OH surface groups or
molecules of H,O adsorbed. Hydroxylated groups also present a deformed vibration at
around 1600 cm™'. It is also observed a peak at around 1400 cm! that usually is identified
as vibrations of C-O bounding that could be attributed to C-O bounding or also due to

atmospheric CO; adsorbed in the surface.

Surface oxidation states were studied by XPS technique. Fig. 2 depicts the high
resolution spectra of O 1s peak for the different synthesized solids. For graphene material
compounds, the following surface oxygenated species have been considered [57]: oxide
state typically recorded in oxides (~530 eV), O-C=0 bounding (~531 eV), C=0 groups
(~532 eV), C-OH (~533eV) and C-O-C binding (~534 eV). In titania and magnetite,
hydroxylated groups were detected at around 532 eV. Raw graphene was characterized
by the presence of hydroxylated and carbonyl group, and very low proportion of
carboxylic groups. Magnetic graphene (MG) presented higher proportion of carboxylic
groups than graphene, probably due to a slight oxidation during the synthesis process.
The incorporation of titania, with a low proportion of hydroxylated groups (i.e. around
5.6% of total oxygen) and MG support, led the enrichment of oxygenated groups.

Actually, 10-MG-Ti fresh catalyst had 9.4% of carbonyl group (C=0) and 19.6% of

16
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hydroxylated groups. After the 5" use of the catalyst an important decrease of oxygenated

groups was recorded (only 10.7% of carbonyl group).
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Figure 2. High resolution XPS survey for O 1s region of graphene (A), magnetite (B),
magnetic graphene MG (C), bare TiO> (D), 10-MG1-Ti (E) and reused 10-MGI1-Ti
photocatalysts (F).

Optical properties of Y-MGX-Ti photocatalysts were studied by DR-UV-vis
spectroscopy. Band gap was determined by Tauc’s plot method (see Table 2 and Fig. S4).
The presence of graphene oxide [33] or reduced graphene oxide in titania has been
reported as a good strategy to reduce the band gap of photocatalysts [58] and, therefore,
to enhance the activity in the visible region of the solar spectrum. The lab-made
photocatalysts presented absorption of radiation up to 340 nm (see Fig. S4A). The
determined bandgap for bare TiO> was 3.19 eV while the addition of magnetic graphene
led to lower values in the range of 2.59-2.74 eV. However, the presence of graphene did
not improve the performance of the degradation rate of cotinine with the simulated solar
radiation (300-800 nm). Experiments filtering the radiation source to the visible region,

i.e. 390-800 nm (results not shown), did not change this behavior, that means better

17



10

11

12

13

14

15

16

17

18

19

20

activity of graphene-based materials if compared to bare titania. A plausible explanation
of this effect may be the higher recombination of the photo-induced species as graphene
was used as support for titania and magnetite, and not as dopant agent to enhance

photocatalytic activity [58].

Magnetic properties were analyzed by means of SQUID technique. Fig. 3 shows the
results of magnetization of the synthesized photocatalysts. The magnetic moment, Mj,
increased according to the proportion of magnetite. Actually, the maximum value was
recorded for raw magnetite, Ms=70 emu g"!' (Fig. 3B). Although M; values depend also
on the magnetite particle size, values within 60-70 emu g are frequently reported for
magnetite nanoparticles. A plot of M; versus the amount all iron, expressed as magnetite,
in each sample led to a linear plot, see Fig. 3C, which confirms the presence of magnetite.
Magnetite can undergo oxidation to the less magnetic maghemite (y-Fe3O»).
Nevertheless, it was not the case during the synthesis process of the lab made
photocatalysts. The Ms values obtained matched the expected ones according to the M
recorded for pure magnetite and the calculated amount of iron from WDRF analysis,
considering all the presented iron as magnetite. The M; for the solid 10-MG1-Ti was 2.74
emu g!. Similar values have been reported as suitable for photocatalytic ozonation
treatment [25,26,59]. Although higher percentages of magnetite enhance the separation
by increasing Ms, the photocatalytic activity would be reduced as it is shown in next

section.
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Figure 3. Magnetic moment (M) versus applied magnetic field (H). Figure A,
magnetization in graphene-based TiO: photocatalysts. Figure B, magnetization of
magnetite (M) and magnetic graphene (MG1). Figure C, magnetic moment vs. magnetite

composition in graphene-based TiO» photocatalysts
3.2. Efficiency of photocatalytic ozonation with 10-MG1-Ti. Comparison to

simpler technologies

A series of experiments to assess the efficiency on the removal of cotinine (CTN) as
target pollutant were first carried out. Different technologies involving solar simulated
radiation, ozone and the 10-MG1-Ti photocatalytic solid, selected in a first approach,

were accomplished. Results are depicted in Fig. 4.

Although adsorption onto graphene has been reported in literature for a wide range of
aqueous organic pollutants, even at low graphene dose [43]; no adsorption of cotinine
was appreciated using 10-MG1-TiO2 whose percentage of graphene is, theoretically, 5%
of total. Photolysis produced negligible effect in the removal of the compound, i.e. less
than 10% removal, as it could be deduced from its absorption UV-vis spectrum (no

radiation absorption over 290 nm).
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Photocatalysis is a well-known oxidative process in which Reactive Oxygen Species
(ROS), mainly HO", are generated due to the photo-activation of a semiconductor. The
photocatalysis with 10-MGI1-Ti in presence of oxygen was not capable of generate
enough oxidative species to produce an efficient oxidation of the target pollutant (30% of

cotinine removal). Consequently, more oxidative systems adding ozone were assessed.
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Figure 4. Comparison of different technologies combining simulated sunlight, ozone and
the photocatalyst 10-MG1-Ti in the oxidation (A) and mineralization (B) of cotinine
(CTN). Experimental conditions: V=500 mL; pH=free (initially 5.7+0.4); Qcas=30 L h-
'; Cosintle=10 mg L™! (if required); Cio-mai-ti= 0.5 g L' (if required); Cemno=10 mg L.
Cotinine is a recalcitrant-to-oxidation organic with very low reactivity towards
molecular ozone [44]. Actually, the second-order rate constant is estimated between 0.5-
3.8 M'!s™l in a pH range within 4-9 [45]. That is the reason why hydroxyl radical plays an
important role in ozone-based systems for this kind of recalcitrant organic [44]. As can
be appreciated in Fig. 4, single ozonation was capable to remove almost 70% of CTN in
2 hours under the experimental conditions tested. However, no mineralization was
observed. Catalytic ozonation (O3+10-MG1-Ti) poorly improved the results (removal

circa 80% in 2 h). In fact, poor enhancement on the organic micropollutant is usually

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

registered in catalytic ozonation using titania [26,46,47]. When combining ozone and
radiation, higher efficiencies in the degradation of CTN were observed. A complete
degradation of cotinine was observed after 75 min of photocatalytic ozonation (radiation
>300 nm). Furthermore, this technology demonstrated to be the most efficient not only in
the oxidation rate and extent of CTN, but also in the mineralization extent reached that
was almost 80% in 2 hours of treatment. Photolytic ozonation reached 30% of TOC
removal whereas the rest of oxidative systems were inefficient to further oxidize the
generated byproducts. The mineralization extent registered during photocatalytic
ozonation (80% of TOC elimination), suggests important oxidation of intermediates and

final oxidation organic acids.

Monitoring released organic acids, i.e. oxalic and formic acid, and nitrate (structure of
cotinine contains 2 N atoms) gave evidence of the efficiency of oxidation of the final
products (see Fig. 5). Single ozonation led to a constant release of nitrate and formic and
oxalic acids, this later inhibited during the first hour of oxidation. Only formic acid was
released during catalytic ozonation. The combination of ozone and radiation improved
the release of formic acid and oxalic acid, diminishing also the inhibition period to 30
min. The application of photocatalytic ozonation was the most efficient process with the
highest release of nitrate (approximately 35% of the total expected from the N contained
in CTN molecule). It should be highlighted that no oxalic acid was registered during this
process, the profile of formic acid reached a maximum at 30 min and decreased as the
oxidation proceeded. Photocatalytic ozonation has been frequently reported as the most
efficient system for the removal of short organic acids if compared to other simpler

technologies involving ozone, radiation and photocatalysis [48].
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Figure 5. Evolution of the released formic acid (A), oxalic acid (B) and nitrate (C) during
the oxidation of cotinine by means of different technologies combining simulated
sunlight, ozone and the photocatalyst 10-MG1-Ti. Experimental conditions as shown in

Fig. 1

The kinetic depletion of organic compounds in ozone-based systems can be described
as a second-order irreversible reaction with molecular ozone and HO" as the main
oxidative specie, which could be simplified to a pseudo-first order kinetics. The molar

balance of a target pollutant i in the perfectly mixed semibatch photoreactor used is:

dC.
- d‘[l - (kHO',iCHo' + kO],iC03,dis )C; = kg, C; (M

where Ci, Cho- and Co3gis stand for the concentration of the target pollutant, hydroxyl
radical and dissolved ozone, respectively; kuo.; and kos are the respective second-order
rate constant of the reaction of the target pollutant with hydroxyl radical and molecular

ozone; and kops the pseudo-first order rate constant of the process.

The presence of radiation or catalysts in ozonation involves extra promotion routes for
the generation of multiple ROS, primarily HO® [49,50]. Direct reaction of CTN with
molecular ozone can be disregarded and the contribution of photolysis with the radiation

used is negligible (see Fig. 4). Therefore, it can be considered that CTN is exclusively
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oxidized by the action of hydroxyl radicals. Thus, different tools can be used to evaluate

the ability of each technology to decompose dissolved ozone into hydroxyl radicals.

The representation of the HO" exposure versus time provides information about the
evolution of the concentration of HO". The exposure HO" can be estimated by the

following expression:

In(C, /C, )

[Cpoedt = )

HO",i

The temporal evolution of HO® concentration can be calculated by numerical derivation

of the represented curve for Eq. 2.

Fig. 6 depicts the HO" exposure vs time for the tested technologies. As observed, the
combination of photocatalysis and ozone improved the production of hydroxyl radical if
compared to catalytic or photolytic ozonation. Fig.6B proves the synergistic effect of
photocatalytic ozonation process which cannot be explained by the contribution of
simpler technologies, i.e. photolytic ozonation and catalytic ozonation (see dashed grey

line in Fig. 6).
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Figure 6. Evolution with time of the hydroxyl radical exposure (A) and concentration (B)
for different technologies combining simulated sunlight, ozone and the photocatalyst 10-
MG1-Ti. Experimental conditions as shown in Fig. 4. Dashed grey line: sum of photolytic

and catalytic ozonation
The yield of HO® production respect to the dissolved ozone exposure can be estimated
by calculating the hydroxyl radical ratio to dissolve ozone through the Rct concept [51]:

CJeedt ln(CiO/Ci)_ ~ m(c,/c)
T Comdt Ky | [Cogdt " Kyl [Co gt

3)

Eq. 3 is usually simplified disregarding the direct reaction between the organic pollutant
and molecular ozone if the second-order rate constant for the direct reaction is low or
negligible, which is the case of CTN. Monitoring the concentration of dissolved ozone
versus time, it is possible to deduce the Rer value from Eq. 3 by quantifying the ozone

exposure numerically.

From Fig. 7A, a variation of Rcr values in two phases during photolytic,
photocatalytic, and in minor extent, catalytic ozonation can be observed. The variation of
Rcr has been frequently reported due to changes in initial O3 dose, pH, temperature,

alkalinity, presence of organic matter, etc. No changes in Rct where registered during the
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use of ozone alone. As shown in Table 3, Rcr values follows the order photocatalytic
ozonation>> photolytic ozonation> catalytic ozonation~ single ozonation. This behavior
also provides evidence of a higher production of hydroxyl radical during photocatalytic
ozonation. Actually, if compared to single ozonation, photocatalytic ozonation registered

13-38 folded Rcr, during the first and second stage respectively.

Alternatively to Rct parameter, a new concept was proposed by Kwon et al. [52] as
the exposure of hydroxyl radical per O3 consumed (Transferred Ozone Dose, TOD),

RHo.,03, that can be quantified for compounds that reacts slow with molecular ozone as:

JCpdt m(c,ic)
HOW0s T TOD k.. TOD

HO"® i

R (4)

Transferred Ozone Dose (TOD) stands the ozone consumption, understood as the ozone

that is transferred to the liquid bulk per unit of volume and time:

TOD = \IIJ.(F -F )dt = % J- (CO3,inlet - CO3,0utlet ) dt )

05, inlet O;,outlet V

where V is the liquid of the semi-batch reactor, Fo3 means the molar flow rate in the inlet
or outlet of the reactor (respectively), Qgas is the volumetric flow rate of the O»-O3 gas
mixture and Cos the O3 concentration in the gas phase. A monitoring of the concentration
of the ozone concentration before and after passing the liquid phase allows to quantify

the accumulated TOD by resolving Eq. 5 numerically.

RHo.,03 was proposed as an alternative to Rct to model ozonation process in one unique
stage, in an attempt of avoiding the determination of the time in which Rct changes, which
strongly depends on the operational conditions and design of the setup [52]. However, as
recently reported by Cruz-Alcalde et al. [53], the graphical representation of Eq. 4 (see

Fig. 7B and 7B’) led to 2 clearly differentiated stages of Ruo.,03 during photolytic and
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photocatalytic ozonation, repeating the behavior observed in Rcr. Considering the
physical meaning of this concept, Ruo.,03 informs about the production of hydroxyl
radical per unit of ozone consumed according to a mass balance in the gas phase. From a
system comparison, photocatalytic ozonation demonstrated to be an enhanced oxidation
technology if compared to the simpler photolytic, catalytic or single ozonation. Table 3
summarizes the different values appreciated for all the systems in their two stages, or just
one. The application of photocatalytic ozonation led to 3.3-7.6 times higher Ruo.03 if
compared to single ozonation. The second most efficient system, photolytic ozonation,

improved folded Ruo.,03 parameter 1.9-5.6 times if compared to single ozonation.
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Figure 7. Graphical representation of Rcr (A) and Ruo-,03 (B) values according to Egs. 3
and 4, respectively, during different ozone-based oxidation systems for cotinine

abatement. Experimental conditions as shown in Fig. 4
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1 Table 3 also includes the parameter 1, defined as the ratio of the hydroxyl radical rate

2 versus the direct reaction rate:

3 n= kHO',iCHO'Ci _ kHO',i R (6)

k03,iCO3Ci k03,i <

4  The second-order rate constant for the reaction of cotinine with hydroxyl radical and

5  molecular ozone were respectively 1.6-10° M's™! and 1.282 M"!'s™! at pH=6, according to

6 aprevious work [45].

7 Table 3. Photocatalytic (10-MG1-Ti) ozonation derived systems. Modelled parameters

8 of the processes: kovs, Rct, Ruo.,03 and n

Kobs, h! Rcr (R?) RH0-,03, s (R?)
System 2 . d t d 1
(R%) 1**phase 2"“phase 1*'phase 2"“phase

Photocatalysis 0.126 --- --- - -
(O2/Sunlight/10-MG1-Ti)  (0.997)
Single ozonation 0.595 3.88-107 8.85-108 4.61
(03) (0.993) (0.99) (0.99)
Catalytic ozonation 0.596 4.43-10° 838107 9.86-10% 9.20
(03/10-MG1-Ti) (0.999) (0.97) (0.99) (0.98)
Photolytic ozonation 1.031 3.73-10°  3.71-10%  1.73-107  4.96-107 38.4
(O3/Sunlight) (0.996) (0.98) (0.99) (0.97) (0.99)
Photocatalytic ozonation 2.356 5.14-.10% 147107  2.99-107  6.69-107 63.3
(O3/Sunlight/10-MG1-Ti)  (0.998) (0.99) (0.97) (0.96) (0.99)
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From the results in Table 3 it can be observed that ozone-based processes are stronger
oxidation systems than photocatalysis by itself, with photocatalytic ozonation as the most
efficient process. In fact, the pseudo-first order rate constant of photocatalytic ozonation
was almost 17-folded if compared to photocatalysis, or 8 times higher than single
ozonation. The sum of this two processes does no explain the higher kops value obtained
for the combined technology. A synergism [54] of almost 70% is appreciated.
Furthermore, the Rct and Ruo-,03 values also evidenced the higher production of HO® in

the order photocatalytic ozonation>photolytic ozonation>catalytic 0zonation~ozonation.
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Finally, the assessment of the importance of radical pathway (1) also evidenced a
considerably higher importance of HO® in photolytic and, specially, photocatalytic
ozonation process. Consequently, photocatalytic ozonation process was selected as

technology for further research.

3.3. Photocatalytic ozonation with Y-MGX-Ti. Influence of titania and

graphene/magnetite ratio in the activity

The influence of titania percentage (100-Y), considering the support MG1 (weight
ratio magnetite:graphene 1:1), was first evaluated. Different percentages of titania MG1
were selected, in order to increase the magnetite content and, therefore, to improve the
separation properties of the initial selected 10-MG1-Ti. Also, for comparison purposes a
non-magnetic TiO», synthesized following the same procedure, was included. Fig. 8

depicts the evolution with time of CTN normalized concentration and mineralization.
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Figure 8. Titania and magnetite ratio influence on the photocatalytic ozonation of
cotinine (CTN) using Y-MGX-Ti photocatalysts. Normalized evolution of cotinine (A),
observed pseudo-first order rate constant vs the proportion of titania in the solid (B) and

mineralization evolution (C). Experimental conditions: V=500 mL; pH=free (initially
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5.8+0.5); Qcas=30 L h'; Cosinie=10 mg L; Cphotocatatys= 0.5 g L' (0.4 g L for TiO;
series); Cerno=10 mg L.

As observed in Fig. 8, TiO: is the active species responsible for the photocatalytic
activity. An analysis of the kops versus the amount of titania present in the solid, according
to the characterization results presented in the next section, gives evidence of this
behavior. The higher amount of TiO», the better kinetic rate performance of CTN
removal. The kovs, RcT, RHo-,03 and importance of hydroxyl radical pathway (n) were
assessed for the different photocatalytic solids (see Table 4). In comparison with the non-
magnetic photocatalyst, the decrease of titania using MGI1 support reduced the
photocatalytic activity of the solid. On the other hand, when the percentage of titania was
fixed to 90%, and the ratio of magnetite:graphene increased to 2:1 and 3:1 in the support,
a negative effect was also registered. However, the photocatalyst 10-MG1-Ti performed
acceptable photocatalytic results with still high recovery when applying an external
magnetic field. Higher percentages of titania in MG1 were discarded due to the poor
magnetic properties, which negatively impacted in the separation ability. Mineralization
efficiency was also proportional to the amount of titania in the photocatalysts. Actually,
the following mineralization efficiency was monitored: bare TiO>> 10-MG1-Ti> 20-

MG1-Ti> 30-MG1-Ti.

Table 4. Photocatalytic ozonation of CTN with Y-MGX-Ti: koss, RcT ratio and n

Photocatalyst  Kkobs, h! Rcer (R?) RH0-,03, s (R?) n
(R?» 15tphase 2"dphase  1%tphase 2"dphase

10-MG1-Ti 2.356 5.14-10°® 1.47-107  2.99-107  6.69-107  63.3
(0.998) (0.99) (0.97) (0.96) (0.99)

20-MG1-Ti 1.003 3.06-10°® 5.31-10°® 2.40-107 26.8
(0.999) (0.99) (0.99) (0.99)

30-MG1-Ti 0.928 1.36-10° 2.60-10° 1.21-107 19.0
(0.995) (0.9) (0.99) (0.99)

10-MG2-Ti 1.018 2.49-10° 6.91-10°  1.80-107 4.74-107 31.1
(0.997) (0.99) (0.97) (0.98) (0.99)
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10-MG3-Ti 1.334 2.94-108 7.01-10° 1.85-107  537-107  38.2

(0.989) (0.99) (0.97) (0.99) (1.00)
TiO, 3.018 8.89-10%  2.09-107 323107 1.20-10° 108.8
(0.995) (0.99) (1.00) (0.99) (1.00)

3.4. Stability and reusability of the 10-MG1-Ti catalyst under photocatalytic

ozonation process

The photocatalyst 10-MG1-Ti was selected due to the highest activity of all the
magnetic solids for the photocatalytic ozonation process, and also because of the
reasonable magnetic properties to be recovered after the application of an external
magnetic field. The reusability and activity behavior after consecutive cycles was studied
by recovering the solid with the help of a magnet. Fig. 9 (top) depicts the evolution of the
normalized cotinine concentration in each run. Also the mineralization degree after 120
min of treatment was studied (see Fig. 9 down right). No activity loss was recorded after
5 runs of use. Cotinine was completely removed before 90 min in all cases. The evolution
of kobs in each run shows no significant catalytic loss of the solid. 81£3% of

mineralization degree was observed after 120 min of photocatalytic ozonation.

The leaching of iron was also studied by analyzing the concentration of total iron
species in solution. Fig. S5 depicts the temporal evolution of total iron release at different
pH values for different titania ratios. Also, a magnetic photocatalyst without graphene
and 90% of titania was prepared to elucidate the influence of graphene on the iron release.
Neither the fresh 10-MG-Ti photocatalyst nor after 5 times of reusing led to iron release
up the limit of detection of the spectrophotometric method (50 ug L), at pH values of 4,
7 or 9, was appreciated. In absence of graphene, the release of iron was higher to the limit
of detection, 90-450 ppb in 2h depending on the pH. The release for this solid was lower
at pH=4<pH=9<pH=7. Therefore, the presence of graphene minimized the release of iron

improving the stability of the magnetic properties.
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From the characterization analysis, it is appreciated an important loss of carbon after
the 5" reuse, and consequently a reduction on the external surface (Table 2). In addition,
the hydroxylated groups in surface where oxidized into carbonyl groups (see Fig. 2).
However, this carbon loss did not affect the activity of the catalyst nor compromise the

release of iron into the solution.
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of cotinine. Experimental conditions: V=500 mL; pH=free (initially 6.24+0.3); Qcas=30
L h'!'; Cosine=10 mg L!; Ciomaciti= 0.5 g L'; Cerno=10 mg L', Top, Evolution of
remaining CTN normalized concentration during the recycling. Down left, pseudo-first

order rate constant for CTN evolution. Down right, mineralization degree after 120 min.
3.5. A case of study: photocatalytic ozonation of a mixture of CECs in UWWTP

matrix using magnetic 10-MG1-Ti

To further test the activity of the 10-MG1-Ti catalyst in a real scenario, an effluent of
an urban wastewater treatment plant (UWWTP), was used as water matrix. A total of 10

micropollutants of emerging concern (CTN, cotinine; CAF, caffeine; CPR, ciprofloxacin;
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MTP, metroprolol; SMX, sulfamethoxazole; DEET, N,N-Diethyl-m-toluamide; CLO,
clofibric acid; BZF, bezafibrate; TSF, tritosulfuron; IBP, ibuprofen) were added at low
concentration, i.e. 500 pg L', Different scenarios (pH and removal of inorganic carbon,
IC) were tested in order to evaluate the removal of the 10 CECs and the mineralization
by means of ozonation, photolytic and photocatalytic ozonation technologies. Fig. 10 (left
subfigures) depicts the observed pseudo-first order rate constant, kovs,i, for the different
processes and compounds at pH=4 (Fig. 10A), the pH of the UWW effluent, that means
~8.4 (Fig. 10C) and after the removal of IC at the received pH (Fig. 10E). Also, the
mineralization and oxalic acid concentration evolution are presented in Fig. 10 (right

subfigures).

The rate constant kops has been used as a mere tool for comparison purposes and
depends on the operational conditions and UWW matrix in which tests were carried out.
The behavior of the CECs under the three oxidative technologies can be grouped
according to their reactivity towards molecular ozone. Generally, kovs values are closely
related to the direct ozone rate constant (see Table S1). An increase of kovs was registered
when applied photocatalytic ozonation for those compounds with low reactivity towards
molecular ozone, i.e. direct rate constant with O3 within the range 0.1-10 M™! s, This is
the case of CTN, DEET, CLO, TSF and IBP. These compounds are eliminated via
hydroxyl radical reaction; therefore, the application of radiation or photocatalysis
improved, to a greater or lesser extent, their rate constant (kops) as a higher production of
HO’ took place. Compounds with a moderate value for the direct reaction with ozone,
that means reactivity in the order of 100-1000 M s, are removed by both direct
reactions with Oz and free radical reactions [60], competing both theoretically in the
process. This is the case of CAF, BZF and MTP. For those compounds the kobs during

photocatalytic ozonation is slightly higher or similar to the registered one during single
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ozonation or photolytic ozonation (excepting some particular case due to the complexity
of the UWW matrix or errors in the operational conditions). Finally, SMX and CPR
present high reactivity towards Os (rate constant >10> M! s™). For these two compounds
photolytic and photocatalytic ozonation improved the value of kops if compared to O3,
specially and surprisingly in the case of sulfamethoxazole at basic pH (rate constant with
03 4.7-5.7 10* M! s7) if compared to O3, even though the preferential reaction pathway

is the reaction with molecular Os.

pH affects considerably ozone-based AOPs since the anion HO™ catalyzes O3
decomposition into HO’, minimizing the improvement of other radical pathway
promoters such as light or catalysts. If the results at pH=4 and pH~8.4 are compared (Fig.
10A and E); in general terms, kovs for single ozonation is lower at acidic conditions. Some
compounds have a radical change with pH due to the reactivity of the dissociated and
non-dissociates species towards molecular ozone. This is the case of ciprofloxacin. This
compound is highly reactive to O3 (>10* M s™!) at basic pH but moderately reactive at
acidic conditions (400 M s™) [61]. This fact explains why the kobs was discreetly lower

at pH=4 in the three systems applied.

Carbonates, which are a well-known HO" scavenger [62], were removed by stripping
with phosphoric acid, air bubbling and pH was restored to the UWW received value. As
shown in Fig. 10C and 10E, the presence of inorganic carbon does not necessarily mean
a negative effect in terms of contaminants removal rate. Only in the case of DEET, CLO
acid BZF and IBP the removal of IC content was translated into higher kons values,

regarding the technology applied (photocatalytic, photolytic or single ozonation).

By analyzing the evolution of TOC and oxalic acid, different behavior was observed
with the different technologies at the conditions analyzed. Thus, photocatalytic ozonation

was the most efficient of all the technologies, especially at pH=4, as 70% of TOC removal
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was reached in 2h. At the natural pH of the UWW effluent only 40% of mineralization
after 2h was recorded and no differences between the addition or not of radiation is
observed. From all the organic acids released during the oxidative treatments; i.e. formic,
acetic, pyruvic, succinic and oxalic acid, the evolution of oxalic acid concentration
deserves special attention since this organic is recalcitrant to the direct reaction with
molecular ozone (<0.04 M s! [63]). At the natural pH of the UWW effluent (~8.4),
photocatalytic ozonation lead to the highest release of oxalic acid. Besides, if the total
amount of TOC regarding the carboxylic acid detected is analyzed, photocatalytic
ozonation led to a higher conversion of the TOC (not shown), which claims an
enhancement in the effectiveness. It is noteworthy the lack of a really negative effect of
IC in the formation of oxalic acid, as can be observed in Fig. 10D and 10F. Under acidic
conditions, where the highest rate of mineralization was appreciated, oxalic acid was
accumulated during single ozonation; however, photolytic and photocatalytic ozonation

were capable to oxidize it after reaching a maximum in concentration.
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Figure 10. Ozonation, photolytic ozonation and photocatalytic ozonation of a mixture of
10 compounds in a secondary effluent of UWW. Experimental conditions: V=500 mL;
Qa6as=30 L h'!; Cosinle=10 mg L''; Cio-mai-ti= 0.5 g L' (if required); Ccrc,0=500 pg L
(each); H3POs= 6 mM (if required). Pseudo-first order rate constant for the degradation
of each contaminant at pH=4 (A), natural pH with inorganic carbon (C) and natural pH
without inorganic carbon (E). Mineralization (filled symbols) and evolution of oxalic
(open symbols) acid at pH=4 (B), natural pH with inorganic carbon (D) and natural pH

without inorganic carbon (F).

4. CONCLUSIONS
Commercial graphene was successfully applied as a support for titania and magnetite

particles with high photocatalytic activity in presence of ozone and magnetic properties
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for the solid separation after the treated aqueous solution. The photocatalytic ozonation
process proved to be more efficient if compared to simpler technologies (photolytic,
catalytic or single ozonation) applied to the degradation of a model pollutant recalcitrant
to the direct reaction with molecular ozone, i.e. cotinine. From the analysis of diverse
kinetic parameters (HO" exposure vs time, Rcr and Ruo. 03 ratios), a synergistic effect in
the production of hydroxyl radicals for the combination of ozone and photocatalysis was
registered. The study of the influence of magnetic-graphene: titania ratio on the
photocatalytic activity suggests that titania particles are responsible for the photocatalytic
activity; with the highest activity registered in the case of bare titania.

Characterization of the solid proved the presence of titania and magnetite particles
homogeneously distributed in the graphene surface, acting graphene as a carbonaceous
support. Although the presence of magnetic graphene compromised the photoactivity of
the solid (it was lower than bare titania), this loss in activity was balanced by the
incorporation of magnetic properties that facilitate the recovery after the treatment. The
attachment of magnetic particles in graphene remained stable enough after 5 reuses with
no appreciable iron leaching in the solution and no significant loss of photocatalytic
activity.

The study was extended to a real scenario for the oxidation of a mixture of 10 well-
known micropollutants of emerging concern in a real water matrix from a local
wastewater treatment plant. The application of photocatalytic ozonation with the
magnetic graphene-based titania successfully oxidized the pollutants with an increase in
the pseudo-first order rate constant of recalcitrant to ozonation compounds; and also the

mineralization extent if compared to simpler technologies.
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