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Abstract

A mechanochemical treatment, starting from graphite and TiO; precursors in a simple and sustainable approach, has
led to the preparation of titania graphene hybrid nanocomposites (TiO.-FLG) as efficient nano-catalysts for
photocatalytic degradation of a complex mixing of pesticides (isoproturon, pyrimethanil, alachlor and methomyl).
The effect of few layer graphene (FLG) loading (0-1.0%) was analyzed to define the optimal ratio of FLG to TiO,
and compared with the corresponding physical mixtures. X-ray Powder Diffraction (XRD) patterns of all these
hybrid photocatalysts have presented the same crystal structure, with anatase as the main crystalline phase and
brookite as secondary phase. An interaction between the graphene structure and the TiO nanoparticles has been
observed from Energy Dispersive X-Ray (EDX), X-ray photoelectron (XPS) and Raman spectroscopy studies,
indicating that FLG is mainly deposited on the surface wrapping the TiO; nanoparticles. The presence of FLG in low
concentrations and the mechanochemical activation are the key steps to improve the photocatalytic activity of TiO,
nanoparticles on these hybrid nanocomposites. The TiO»-FLG-0.5% hybrid nanocomposite, with circa 1.9 % content
of graphitic carbon in surface, has showed the best photocatalytic performance in the degradation of pesticides.
Pesticides were completely removed at 350 minutes, and around 82 % of total organic carbon (TOC) conversion was

achieved at 540 minutes of irradiation time.
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1. Introduction

Nowadays, the employment of pesticides is still growing principally due to their use in the agricultural sector [1].
Despite their benefits for both control pests of public health concern and product storage-related applications, they
provoke lasting detrimental effects on water quality. The wide extent of pesticides applied to farming awakes
controversial because of the severe cumulative environmental damages [2], concluding that regulation and controls
are required.

The mixing of otherwise clean water bodies with water used for irrigation in fields also leads to contamination as the
latter is likely to contain large amounts of fertilizers, pesticides, and herbicides, several of which have negative effects
on humans and animals when consumed. In this context, among the principal disadvantages of pesticides compounds
can be emphasized their variety, toxicity and high accumulation as persistent organic pollutants (POPs) in water and
in the ambient due to their infiltration into surface, groundwater, soil, and their capacity to volatilize [3-5].
Particularly, recalcitrant pesticides are not effortlessly and straightforwardly eliminated, as a consequence of they are
non-biodegradable pollutants. For this reason, nowadays the development of efficient technologies for removing
these types of POPs (i.e. pesticides) from natural resources, including water treatment is still a great concern. [1]

In the last decades, European Union (EU) has constantly adapted the legislation to guard and recover the quality of
polluted water resources. Newly, the EU [6] has stablished the main requisites, of mandatory compliance, with respect
to agricultural exploitations with high harmful pesticides pollution, with the aim to reduce their emissions and the
generated wastes.

In order to develop efficient wastewater treatments for pesticides removal, avoid bio-recalcitrant organics
intermediates and diminish their accumulation, important efforts are being carried out.

Among the different conventional wastewater processes, biological treatments have limited success in this case. The
high toxicity of pesticides for microorganisms reduces their final efficiency, remaining as persistent contaminants in

water streams.



On the other hand, the water-soluble pesticides (isoproturon, alachlor, methomyl and pyrimethanil) studied in this
work are considered among priority substances, are included in the European Water Framework Directive Directive
2013/39/EU; and classified in the Watch List of Decision 2015/495/EU. [7]

The concentrations in real wastewater could be lower, but in agriculture industrial installations, where
products are washed up and conditioned, the concentration of pesticides could reach even higher
concentrations. Moreover, in order to obtain reliable Liquid Chromatography (HPLC) and Ionic
Chromatography (IC) analytical results lesser pesticides concentration could drive to important errors,
difficult to interpret.

In this context, the application of an advanced oxidation processes (AOPs) as pre-treatments of these toxic
pesticides could generate more readily biodegradable organic intermediates and drive to a viable and
effective option to treat pesticides contaminated wastewater. [8] These AOPs are managed to oxidize
unselectively a wide range of organic chemicals with excellent removal efficiency.[9] AOPs are based on
generation of strong oxidants, mainly based on the powerful oxidation capacity of OH-radicals (*OH) [10].
Currently, photocatalysis is one of the most promising AOPs approach to transform recalcitrant pollutants
into harmless substances [11] in an environmental-friendly way due to low production costs, mild ambient
conditions, rapid degradation of pollutants without the generation of sludge, strong oxidizing power under
ultraviolet irradiation,[1] and the possibility of being applied in aqueous environments by utilizing solar
energy.[12]

In this context, heterogeneous solar photocatalysis is a clear example of the successful use of solid catalysts
in the degradation and mineralization of a wide range of organic pollutants, such as pesticides or herbicides
from agricultural industry [13, 14]; resulting the complete oxidation to CO, and H>O, where the energy
needed to photo-excite the catalyst can be directly obtained from the sun. [15] Heterogeneous photocatalysis
is based on the excitation of a solid-catalyst, usually a semiconductor, by absorbing radiation of different
wavelengths.[16] One of the most attractive and efficient semiconductor photocatalyst is TiO, [17] that in
spite of its high versatility, presents some significant disadvantages such as low photocatalytic efficiency
(high rate of electron/hole pair recombination [18]), activation in UV region (3.2 eV bandgap energy for
anatase [19, 20], therefore a radiation with wavelength <387nm is required [20, 21]) which means <5% of
the solar light [22, 23]). TiO, exists in three different crystalline phases: rutile (tetragonal,

thermodynamically stable form in bulk), anatase (tetragonal, thermodynamically metastable) and brookite



(orthorhombic, thermodynamically metastable). [24] Many strategies has been developed to improve the
photocatalytic performance of TiO (enhancing the visible light absorption and through the reduction of fast
electron—hole recombination) including doping with non-metallic particles, noble metals or transition metal
elements, [25-27] adding an adsorbent,[28, 29] and through the heterojunctions with other materials, such
as graphene, [25] to improve the separation between free carriers. [30-37] Due to their interesting properties,
various 2D nanomaterials have been used in the treatment and degradation of pesticides demonstrating
promising results in this area. [38]

Graphene is a one-atom-thick monolayer of carbon atoms packed in a two-dimensional honeycomb lattice,
which has interesting physical, chemical, electronic, thermal, and mechanical properties,[39] high charge
carrier mobility,[40, 41] specific surface area (~2600 m?g "),[42] and adsorption capacity [43]. Graphene
can serve as an excellent photodetector in a range of lengths much larger than conventional detectors due to
their wavelength independence[44] and ultrafast response as result to their high mobility. All these excellent
properties make graphene a good candidate in applications in solar cells and photoactive catalysts,[44] being
an excellent material in the synthesis of new hybrid structures to improve the performance of TiO, base
photocatalysts.[45-49] Graphene enhances the photocatalytic efficiency of TiO,,[50-52] due to many factors
such as large surface area, which supports highly disperse TiO» nanoparticles photocatalyst and stabilizes
charge separation (trapping electrons from TiO,),[53] it solves the problem of large bandgap energy[54] and,
reduces the recombination by Schottky barrier of photogenerated electron-hole pairs.[55-57]

Hybrids graphene/TiO, have been extensively studied[58, 59] mainly for applications like lithium-ion
batteries[60] to improve performance in photocatalytic applications[61] catalysis,[62] solar cells,[63] and
CO; reduction. [64],[65] The preparation of most of hybrid graphene-TiO, photocatalysts developed and
studied in the scientific literature to date, ranging from simple physical mixing with or without sonication of
both materials [66], in situ growth of graphene on the TiO, particles themselves, its synthesis through sol-
gel processes [67], liquid phase deposition [68], aerosol [69], chemical vapour deposition[70], spin coating
[71], etc. [72], to preparation methods based on hydrothermal or solvothermal synthesis to obtain generally
hybrid systems based on TiO; and graphite oxides (GO) or reduced graphite oxides (rGO) [73]; where the
reduction of graphite oxide can be carried out by physical procedures, traditional redox reagents or chemical

agents from graphite, with the consequent generation of highly toxic acidic residues.



Therefore, different strategies are currently being implemented to achieve new optimized titanium-graphene
nanocomposites. On the one hand, by means of new safer, more ecological and less waste-generating
graphene syntheses using natural or biocompatible reducing agents; and, on the other hand, to improve the
interaction and formation of Ti-C and/or Ti-O-C bonds between TiO, and own graphene, and thus achieve a
good hybrid graphene-TiO; photocatalyst. In order to improve this interaction, new developments have been
designed in recent years that use different organic molecules or polymers to functionalize graphene and
facilitate the anchoring of TiO; nanoparticles, leading to more efficient and durable photocatalyst
compounds [74] [75].

Consequently, in this work a process to prepare few layers graphene (FLG), from the exfoliation of graphite
using melamine as exfoliant agent, through a mechanochemical treatment, according to a protocol previously
published [76, 77], was used to directly get the starting graphene material. The great novelty of this work
has consisted in developing a procedure for the synthesis of TiO,-FLG hybrid nanocomposites, based on the
union of titanium oxide directly with graphene, from a preparation methodology by means of
mechanochemical synthesis.

Unlike other syntheses of this type of hybrid photocatalysts, where graphene oxide (GO) or even reduced
graphene oxide (rGO) previous step is required, in this case, graphite oxidation step to produce GO was
omitted. Consequently, the consumption of large quantities of corrosive and harmful pollutants reagents
were avoided. Analogously, additional time-lasting classic steps of catalysts synthesis methodologies, such
as sol-gel, hydrothermal, etc., or even physical mixtures of both materials were not employed [66] . The
proffered methodology starts directly from FLG and the TiO; nanoparticles prepared through an innovative,
totally sustainable, and ecological procedure. The final titania-graphene nanocomposite (TiO.-FLG) was
obtained in a unique step with the only use of a planetary ball mill. In this type of mechanochemical synthesis
with high energy impulses, a mechanical activation takes place, similar to the case of a conventional physical
mixture; but, in addition, alterations in the structure of the material and its chemical composition are
achieved. Since it is a reactive synthesis process which induces the generation of chemical reactions in a
solid state at room temperature, results in a much more sustainable and ecological procedure than the
traditional synthesis methods.

The mechanochemical synthesis of mixed materials from reactive ball milling is almost an ideal method to

prepare nanocomposites not only because of its simplicity, but mainly because of the possibility of forming



a nanocomposite characterized by a uniform distribution of particle sizes at room temperature, generating
unique phases and crystalline microstructures [78, 79]. In addition, an in-situ synthesis route results in the
production of materials with greater homogeneity in their microstructure and greater thermodynamic
stability than those synthesized from conventional ex situ methodologies [80].

In this context, the main goal of this work has consisted of optimizing a synthesis methodology based on
mechanochemical treatment in a planetary mill to get hybrid TiO,-FLG nanocomposites for their application
in the photocatalytic degradation of a complex mix of pesticides, classified by EU as priority pollutants
(isoproturon, alachlor, methomyl and pyrimethanil). The effect of FLG loading in the hybrid photocatalysts
was analyzed to define an optimal ratio of FLG to TiO; and compared to physical mixtures of TiO,+FLG to

discriminate the existence of a synergic effect in the photocatalytic process studied.

2. Material and methods

2.1 Photocatalysts Synthesis

2.1.1 Mechanochemical production of Few-Layer Graphene (FLG).
Few-Layer Graphene (FLG) was synthesized by exfoliation of graphite using melamine as exfoliating agent
through a green mechanochemical treatment as previously published protocol.[76]

2.1.2  Synthesis of TiO2 nanoparticles.
In an Erlenmeyer, 100 mL of Ethanol and 400 pL. of KCI (0.01M-pH 8.5) were added with stirring at 1200
rpm, after that 4.4 mL of Ti precursor (titanium isopropoxide) were poured. When a white precipitation was
observed the stirring was decreased at 150 rpm (approx. 1 min) for 6 hours and the Erlenmeyer was covered
by Parafilm®, followed for further dialysis (7 changes each 2 hours). After that, the TiO, was lyophilized
for 2 days at -80°C at a pressure of 0.005 bar.

2.1.3 Mechanochemical synthesis of Few Layer Graphene (FLG) decorated with TiO, nanoparticles-

Hybrid nanocomposites.

All hybrid photocatalysts were prepared as following: FLG was mixed with pre-synthesized TiO, NPs with
a proportion of FLG from 0.1 to 1 wt. % in a Retsch PM100 planetary mill at 30 min and 100 rpm in
zirconium grinding bowl of 250 mL with 15 zirconium balls (1 cm diameter) in air atmosphere. The resulting

solid mixtures were dispersed in 100 mL water for further lyophilization for 72 hours at -80°C and pressure



of 0.005 bar. The hybrid nanocomposites are nominated as TiO>-FLG X %, where X corresponds to FLG
percentage added in the synthesis procedure, in wt. %.
2.1.4 Physical mixtures of Few Layer Graphene plus TiO: nanoparticles
Two different photocatalysts based on physical mixtures of FLG and TiO; nanoparticles have been prepared
through mortar and sonication of both materials.
TiO,+FLG 0.5 %-sonicated catalyst was obtained by mixing 300 mg TiO, NPs, 1.5 mg FLG, and 100 mL
of water. This solution was ultrasonicated during 30 min, following by lyophilization at the same conditions
explained above.
Finally, 1.5 mg of FLG and 300mg of TiO; nanoparticles were mixed manually in an agate mortar (80 mm
in diameter and 30 mL) with pestle for 30 minutes. After this treatment, the obtained powder was dispersed
in 100 mL water for further lyophilization of the mix at the same conditions mentioned above to obtain the
physical mixture called TiO>+FLG 0.5 %-mortar.
2.2 Characterization techniques
XRD data were recorded on a Philips (Panalytical) model X Pert MPD diffractometer using Cu KAlphal
(0.154056 nm) at 40 kV and 40 mA. Diffraction patterns were collected over a range of 5-60° 26 at a scan
rate of 0.01° 20min"! and a scan velocity of 0.004°s™!. The crystallite size, d, was calculated according to the
Scherrer equation:
092
2B - cos ©
where B is the corrected peak width, A = 0.154 nm, and 0 is the reflection angle, in this case, the plane (101)
of anatase was used.[81]
Raman spectra were recorded on an InVia Renishaw microspectrometer equipped with a 532 nm point-based
laser. In all cases, power density was kept below 1 mW-um ™2 to avoid laser heating effects. Raman analyses
were performed in the solid-state under ambient conditions. The resulting spectra (after at least 30-40 random
locations on each sample) were fitted with Lorentzian-shaped bands in their D, G, and 2D peaks to ascertain
band positions, widths, and intensities.
UV-Vis diffuse reflectance spectra of the powder photocatalysts were registered in a Cary 5000 Agilent

spectrometer equipped with an integrating sphere (using Spectralon® PTFE as internal reference).



Thermogravimetric analyses (TGA) were performed with a TGA Q50 (TA Instruments) at 10 °C-min~' under
nitrogen flow, from 100 °C to 800 °C.
The energy of the nanocomposite band gap was determined by Tauc plots of Kubelck-Munk function from
UV-Vis Diffuse Reflectance spectroscopy data,[82] considering an indirect allowed transition. [83]
Transmission Electron Microscopy (TEM) analyses were performed on stable dispersions of graphene (the
same used for Raman analysis) diluted as necessary and dip-casted on Lacey copper grids (3.00 mm, 200
mesh), coated with carbon film and dried under vacuum. The samples were investigated using a High-
Resolution Transmission Electron Microscope (HRTEM) JEOL 2100 at an accelerating voltage of 100 kV.
Scanning Electron Microscopy (SEM) images, elemental mapping and EDX analyses were performed in a
GeminiSEM 500 field emission instrument (Zeiss). SEM images were acquired on the same lacey copper
grids used in TEM analyses. Meanwhile, EDX analyses and elemental mapping were measured in pellets of
the different nanocomposites. These pellets were made compressing each nanomaterial until obtaining a flat
dense surface to analyze. EDX relationship where calculate dividing the percentage of C and O between the
quantity obtained of Ti, only these three elements were presented in the samples.
XPS was registered with a K-Alpha Thermo Scientific spectrometer in order to obtain qualitative information
about surface composition and atomic oxidation state. EDX with Microanalysis of Energy Dispersive
Spectroscopy (EDS) and Electron Backscatter Diffraction (EBSD) (both of them OXFORD with advanced
packages) were employed to know quantitatively the surface composition, respectively; afterwards, the
corresponding XPS and EDX atomic ratios were calculated.

2.3 Photocatalytic activity
Photocatalytic runs were carried out in a semi-continuous slurry type photoreactor, previously described,
[84] surrounded by 10 fluorescent lamps: 6 UV lamps (Narva LT 15W/073 Black-Light Blue, Amax = 366
nm) and 4 Vis lamps (Narva LT 15W/865 Cool Day-Light, A = 400-780 nm) with a total irradiance of 40
W-m? (measured with a Kipp & Zonen model CUV-4 broadband UV radiometer; 306-383 nm).
The mixture of pesticides consisted of: [isoproturon]o = [alachlor]o = [methomyl]o = [pyrimethanil]o = 5.0
mg-L!. The solution containing the mixture of these pollutants at natural pH, was premixed with 200 mg
L' of each photocatalyst, in dark conditions, for 30 min to guarantee homogeneous mixing in the

photoreactor as well as the adsorption equilibrium of the pollutants on the photocatalysts. After that,



photocatalytic runs (using 75 N cm®-min~! of oxygen flow) started by turning on all the lamps, and samples
were withdrawn at selected periods to follow the reaction.

Azura Plus, Knauer High Performance Liquid Chromatography, HPLC, with Diode-Array detection was
used to identify and quantify the pesticides after filtration of samples with 0.22 um size hydrophilic PTFE
filters. Calibration curves for each pesticide was previously constructed in identical analytical conditions
within the analysis range. An Ultrasep ES PEST 5 pum (Dr. Maisch) column (250 x 3 mm) was used as
stationary phase. The mobile phase was composed by ACN/acidic water (0.1 % phosphoric acid) in gradient
mode, at 0.8 mL-min"' flow rate.

Short-chain organic acids and inorganic ions were also analyzed by an ion chromatograph with chemical
suppression (Metrohm 883 Basic IC Plus) and a conductivity detector using a Metrosep A supp 7 column
(250 mm length, 4 mm diameter) as stationary phase for anions and Metrosep C 6 in the case of cations; 3.6
mmol/L sodium carbonate and 1,7 mmol-L! nitric acid/1,7 mmol-L"! dipicolinic acid, were the mobile
phases, respectively. The total organic carbon content was determined in an infrared-detector TOC-

VCSH/CSN Shimadzu analyzer.

3. Results and Discussion

The synthesized TiO,-FLG hybrid nanocomposites have been characterized by different physico-chemical
techniques such as XRD, SEM, TGA, HRTEM, Raman and UV-Vis spectroscopy, to determinate their main
properties, analyzing the interactions between TiO, nanoparticles and FLG. The XRD patterns (see Figure
S.1) revealed that all these nanocomposites presented the same crystal structure, with anatase as the main
crystalline phase (~ 97.5 %) and brookite as secondary phase (~ 2.5 %). Similar anatase and brookite sizes
were observed when FLG was introduced into the hybrid nanocomposite, with mean crystallite sizes close
to 5 nm (see Table S.1). Regarding electronic properties, almost no differences were observed when the
FLG content was increased (3.07-3.14 eV).

On the other hand, from Raman Spectroscopy (see Figures 1 and Table S.2) anatase phase exhibited four
Raman active modes: two E, (151 and 633 cm™), one By, (409 cm™), and one A, (515 cm™),[85] where the
peak position and broadening of the low-wavenumber E; mode in anatase nanocrystals have commonly been
explained through factors such as phonon confinement, thermal effects, and crystal defects.[24, 86] These

Raman active modes are showed in Figure 1a for all the FLG-TiO; hybrid nanocomposites together with
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the D, G, and 2D bands from graphene that were revealed at ~1350 cm™!, ~1580 cm™!, and 2700 cm™'. The
D band (sp® bonds) is due to the disorder or defects in the graphene structure and G band (sp? bonds) arises
from the stretching of the C-C bond in graphene. Meanwhile, the 2D band is interrelated to the band structure
of graphene layers.[87] All the different parameters are showed in Table S.2. The relationship between the
D and G band are 0.46, 1.34, 1.08, 0.84, 0.51 for FLG, TiO,-FLG 0.10%, TiO,-FLG 0.25%, TiO,-FLG
0.50% and TiO,-FLG 1.0%, respectively. This increment is due to the defects in graphene layers by the
anchorage of TiO; nanoparticles in their structure.

Although no significant changes have been observed by XRD, interesting differences were observed by
Raman. The E, mode (see Figure 1b) was the most intense band of anatase and is commonly used for
analysis [88]. The asymmetric and broadening shape of the E, modes was evident for TiO»-FLG 0.0%, TiO»-
FLG 0.1% and TiO;-FLG 0.25%, which can be contributed to a phonon-confinement due to small grain sizes
[89]. Whereas TiO,-FLG 0.5% and TiO;-FLG 1.0% showed larger and more symmetric peaks indicative of
higher crystalline domains, principally in the TiO,-FLG 0.5% nanocomposite. In general, all these hybrid

photocatalysts have shown a blue shift in E, and B, the bands (151 cm™ and 409 cm™"), in comparison with
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Figure 1. Raman spectroscopy of a) the TiO,-FLG hybrid nanocomposites and b) the E, band of TiO,-FLG hybrid

nanocomposites.
the TiO,-FLG 0.0% and a red shift in the G band of graphene.
TiO,-FLG 0.50% hybrid nanocomposite showed the lowest shift change in the E, and Bi,, which is in
agreement with a larger crystalline domain and the higher shift in the G band, being able to associate to hole
doping in the nanocomposite.[90] There is a correlation between the intensity of the D, G and 2D band and

the concentration of FLG in all the different hybrid nanocomposites. Moreover, it was possible to observe a



slight shift in the 2D and G peaks from 5 to 8 cm™ for all the different nanocomposites, which implies an
interaction between the graphene structure and the TiO; nanoparticles. So, a direct correlation between the
quantity of FLG in the nanocomposites and the relation between the intensity of the E, from TiO;
nanoparticle at 639 cm™' and the intensity of 2D band of FLG at 2700cm™' was evidenced, which decreases
with the amount of graphene. TGA analysis in air atmosphere (seec Figure S.2 and Table S.3) was employed
to characterize the thermal stability of these hybrid nanocomposites. It was possible to observe weight losses
in the range between 200-350°C, for as-synthesized TiO; nanoparticles and for all the different hybrid
nanocomposites. These weight losses below 200°C corresponded to the removal of physically adsorbed
water, meanwhile, those above 200°C corresponded to loss of surface —OH groups in the form of water and
production of new Ti—O-Ti bonds [91]. TGA analysis in nitrogen atmosphere was also used to characterize
all these nanocomposites. A high thermal stability was observed under these conditions due not only to the
stability of TiO; nanoparticles but also to the stability of FLG which did not present oxidative defects (see
Figure S.3 and Table S.4).

Atomic composition obtained from XPS and EDX, in %, and the corresponding O/Ti atomic ratios are shown in
Table 1. The data obtained from XPS are distorted by the high contamination in carbon compounds found on the
surface of the photocatalysts particles, so it was not possible to draw reliable conclusions from these results. However,
the results obtained from EDX followed a logical progression. As the amount of FLG increased, the proportion of

titanium and oxygen decreased, and the proportion of carbon increased.

Table 1. Atomic composition and O/Ti ratios of TiO,-FLG hybrid nanocomposites and TiO»+FLG 0.5 % physical

mixtures, respectively measured by XPS and EDX.

Nanocomposites XPS (%) EDX (%) (O/Ti) ratios
Ti o) C Ti o) C | EDX XPS
TiO2-FLG 0.0 % 2200 5421 23.79 32.33 67.67  0.00 | 070  0.82
TiO:-FLG 0.10 % 19.83 5477  25.40 30.24 64.76  5.00 | 072 092
TiO:-FLG 0.25 % 2093 5547  23.61 30.22 64.14 563 | 071  0.89
TiO2-FLG 0.50 % 2093 5547  23.61 29.56 64.04 640 | 072  0.89
TiO>-FLG 1.0 % 21.84 5517  22.99 29.67 6237 796 | 070 0.84
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TiO2+FLG 0.5 % - Mortar 20.37 5275 26.88 30.30 63.25 6.45 | 0.70  0.87
TiO2+FLG 0.5 % - Sonicated 2046 54.44 25.10 28.41 65.68 592 077  0.89

The proportion of carbon is high, if the amount added in the synthesis is considered, which indicated that
FLG is mainly deposited on the surface of the TiO; nanoparticles, and the preparation method does not seem
to be relevant in terms of composition. Finally, from a comparative analysis of O/Ti atomic ratios obtained
from EDX and XPS, respectively, it can be observed that both O/Ti ratios were not dependent on FLG
loading in these hybrid nanocomposites and it must be linked to TiO, fraction.

The Ti 2p spectrum showed two peaks at approximately 458.8 eV (Ti 2ps2) and 464.4 eV (Ti 2pi2), which
are typical of TiO, (see Figures S.4). The O 1s spectrum also showed two peaks. The one with highest
intensity was near 530 eV which is typical of metal oxides, so it can be assigned to TiO.. The second,
approximately at 531.5 eV is due to oxygenated organic functional groups. It was not possible to discern
whether they belong to FLG molecules that may have been oxidized or to the contamination of organic
compounds that were mentioned above.

However, although C 1s spectrum resulted difficult to interpret because of the high carbon surface
contamination, it was possible to observe in the deconvolution of this peak that a component appeared at
energies close to 284 eV that was not observed in the sample without FLG. Results of deconvolution are

shown in Table 2.

Table 2. Deconvolution of C 1s XPS spectra.



Peak 1 Peak 2 Peak 3 Peak 4

Nanocomposites B.E. o B. E. o B. E. o B. E. o
V) % (V) % V) % @ 7
TiO-FLG 0.0 % 283.88 0.23 284.76 70.11 286.08 21.48 288.61 8.18

TiO2-FLG 0.10 % 283.96 6.36 285.09 64.52 286.28 23.09 289.04 6.04
TiO2-FLG 0.25 % 284.06 6.70 285.01 66.96 286.24 20.04 288.92 6.30
TiO2-FLG 0.50 % 283.95 7.85 285.04 70.45 285.99 16.32 288.97 5.38

TiO2-FLG 1.0 % 283.97 9.67 285.08 62.48 286.34 20.15 288.96 7.70
. o

T102+1\l/7[ﬁﬁa(:5 % 283.89 12.01 284.99 67.19 286.00 15.94 288.95 4.86
. o _

T102;fnli4c(;t(l'§ % 283.77 6.43 285.00 84.27 286.34 6.77 288.85 2.52

*B. E. (Binding Energy)

The intensities of peaks 2, 3 and 4 varied somewhat randomly, so they can be assigned to light, medium or
heavily oxidized structures of the contaminating organic matter, respectively. However, peak 1 intensity
increased, in general, with the amount of FLG added, from practically 0 to 9.67 %. The low value of the
bonding energy also makes it possible to state that this component is due to the presence of graphene. XPS
Cls deconvolution peaks of TiO,-FLG 0.0%, TiO,-FLG 0.5% and TiO,-FLG 1.0% nanocomposites,
respectively, were shown in Figure S.5, where it can be seen that, with a very tight deconvolution, in the

nanocomposite containing only TiO; there is hardly any component of peak 1.
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HRTEM and SEM images (see Figure 2) showed the uniform distribution of the TiO; nanoparticles on the
sample and the crystalline phase of anatase corresponding with the plane (101) (see Figure S.1). The
distribution size of the most representative nanocomposite TiO>-FLG 0.5 % was showed in the Figure S.6

with an average diameter of 9.2 £ 5.1 nm of TiO; nanoparticles.
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Figure 2. Representative images of TiO»-FLG 0.5 % hybrid nanocomposite

The distribution of FLG on the different nanocomposites was analyzed using elemental mapping (see
Figures S.7 showing same areas analyzed by EDX in Table 1); C, Ti, and O are the elements found in the
nanocomposite mapping. The proportion of titanium is very similar in all nanocomposites, with a slight
increment in the carbon presence at 0.25, 0.5 and 1%.

A comparative study of the photodegradation of a selected mixture of pesticides was carried out to select the
optimal FLG content in the TiO,-FLG hybrid nanocomposite, where low concentrations of graphene were
mainly used in aqueous photocatalytic applications.[73]

Photolysis runs were performance in absence of photocatalysts, and blank runs were also carried out in dark
conditions under the same operating conditions. Negligible degradation was observed in any case

(pesticides conversions < 5 % and TOC conversions < 1 %). On the other hand, adsorption equilibrium was



always arisen during dark conditions, given the low FLG contents in the nanocomposite, where even lower

pesticides and TOC adsorption conversions were found (< 1%) in all cases.

Ti0,-FLG nanocomposites were investigated in the photocatalytic degradation of the pesticides mix. Figure
3 and Table 3 show the effect of FLG loading on TOC conversions. It can be observed that the photo-
oxidation of pesticides was improved with loading as low as 0.1 wt. % of FLG (TiO,-FLG 0.1 %). However,
the higher pesticides and TOC conversions were obtained by increasing the FLLG content up to 0.5 wt. %
(TiO2-FLG 0.5 %). Though, with a higher FLG content, such as 1 wt. % (TiO,-FLG 1.0 %), lower pesticides
and TOC conversions were obtained, probably as a consequence of the poor radiation rate reaching titania

nanoparticles, as prior deduced from XPS analysis FLLG seems to wrap titania nanoparticles.

Figure 3. Effect of percentage of FLG on photocatalytic performance at 300 minutes of irradiation time with the

Ti0,-FLG hybrid nanocomposites.
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Table 3. Pesticides and TOC conversions after 300 minutes of irradiation time of TiO,-FLG nanocomposites

and TiO,+FLG 0.5 % physical mixtures.

. (Y0)
Nanocomposites
Xlsoproturon XAlachlor XMethomy] XPyrimethanil XTOC

TiO,-FLG 0.0 % 99.7 +£0.05 93.8 +£0.07 74.8 £ 0.08 96.4+0.01 40.9 +£0.03
TiO-FLG 0.10 % 94.1 +£0.03 87.6 £0.06 74.1 +£0.09 98.0 +0.02 42.4+0.01
TiO-FLG 0.25 % 98.1 +£0.06 98.7+0.05 82.6 £ 0.03 100 = 0.00 40.8 £ 0.02
TiO2-FLG 0.50 % 99.9+0.01 98.2 +£0.02 88.8 £0.01 100 £ 0.00 57.5+0.01
TiO-FLG 1.0 % 91.7+0.02 96.3 +£0.03 85.8£0.02 97.9 +0.03 40.6 £ 0.04
. o/ _

TiO+FLG 0.50 % 87.7 £ 0.03 85.9+£0.02 65.8 £ 0.03 90.6 +0.03 36.9 +0.04

Mortar

. o/ _

T102+FL.G 0.50 % 91.4+0.02 88.8 £0.01 76.0 £ 0.04 94.8 £0.01 46.7 £0.01

Sonicated

Although almost all the pesticides were removed after 300 minutes of irradiation time, a TOC concentration
was still found at the end of the process, as it can be seen in the evolution of pesticides and TOC for all the
studied TiO>-FLG hybrid nanocomposites (see Figures 4). Whereas complete removal of isoproturon,
alachlor, and pyrimethanil were always achieved, small traces of methomyl together with some amounts of
oxidation by-products remained after 5 h reaction as it was revealed by the TOC evolution curves. These
oxidation products mostly corresponded to some organic by-products and short-organic acids, mainly acetic
and formic, responsible for the detected residual organic matter. In all cases, different photodegradation rates
were observed for every pesticide in each titania-graphene hybrid nanocomposite, where methomyl has
always presented the slowest photodegradation rate.

Most authors agree that the rate of photo-oxidation of organic pollutants with irradiated TiO, based
photocatalysts roughly follows the Langmuir-Hinshelwood (L-H) law,[15, 92] being also accepted that the

corresponding rate constants and orders are only “apparent”.[93]
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Figures 4. Evolution of pesticides and TOC along the phtig%cﬁ’fiﬂ)ytic degradation with the TiO, - FLG 0 %, 0.1
%,0.25 %, 0.5% and 1.0% nanocomposites.
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For that reason, overall reaction rate constants are very difficult to calculate since the photocatalytic reactions
are not expected to follow a simple kinetic model. The complexity of the results arises because TOC is a
sum parameter, often including several by-products, that undergo manifold reactions since hydroxyl radicals
react non-selectively, and numerous organic intermediates can be generated along the photocatalytic
degradation frequently defined as sequential decarboxylation reaction before achieving complete
mineralization to CO; and H,O [94]. Therefore, considering that the photodegradation of the mixture could
be suitably fitted to a modified Langmuir-Hinshelwood (L-H) kinetic scheme,[95] the apparent first order-
constants values were calculated for each pesticide and shown in Figure 5. In addition, the zero order TOC
constants (kroc) were reckoned and reported too, for all TiO»-FLG hybrid nanocomposites. In all cases, very
good fitting parameters (r?, with values around 0.999-0.973) were always obtained, demonstrating that the

assumed kinetic model could well describe pesticides and TOC removal as pseudo-first order.

I 'soproturon

I Pyrimethanil

Kpesticides (min™") and kToc (mg-Lmin”")

TiO2-FLG 0.0 % TiO2-FLG0.10 %  TiO2-FLG 0.25%  TiO2-FLG 0.50 % TiO2-FLG 1.0 %

Figure 5. Effect of FLG loading on pesticides and TOC apparent kinetic constants for all TiO»-FLG hybrid

nanocomposites.

The lowest apparent kinetic constants were always found in the case of hybrid nanocomposite with the
highest FLG content (TiO,-FLG 1.0 wt. %), whereas better pseudo-first-order kinetic constants were always
observed when FLG content increased up to 0.5 wt. %. Again, the best photodegradation pesticide constants

have been achieved with TiO,-FLG 0.5 wt. %. Same performance evolution was observed in all TiO,-FLG



hybrid nanocomposites respect to the calculated zero order TOC constants (kroc), where TiO>-FLG 0.5 %
hybrid nanocomposite exhibited the higher kroc value as well.

Then, the maximum photoactivity, both in pesticides and TOC conversions at the end of irradiated reaction
(300 minutes), was obtained with the 0.5 % wt. FLG loaded nanocomposite. This good behavior may be
explained by the pairing synergy balanced between 0.5%FLG and TiO,, where probably the role played by
FLG improved charge separation, driving to long-lasting charges which enhance the final photoefficiency.!®*
%9 Therefore, results indicate 0.5 wt. % FLG is the optimal loading in these titania-graphene nanocomposites.
In order to understand the synergic effect between FLG and TiO, nanoparticles in the optimal hybrid
nanocomposite, two TiO>+FLG physical mixtures with 0.5 wt. % FLG were prepared by mixing with the
corresponding TiO; nanoparticles, using mortar and sonication methodologies, TiO,+FLG 0,5% (mortar)
and TiO>+FLG 0,5% (sonicated), respectively, for comparative purpose. The characterization of these two
samples is showed in Figures S.8-S.110. XRD revealed the same crystallinity of the previous hybrid
nanocomposites, with anatase as main crystalline phase and brookite as secondary phase (see Figure S.8).
Raman spectroscopy (Figure S.9a) showed the same active modes of anatase E, (151 and 633 cm™'), one By,
(409 cm™), and one A, (515 cm™), and the D, G and 2D band presented in the FLG. In Figure S.9b is
possible to observe the highest intensity symmetric E, band in the nanocomposite TiO,-FLG 0.5%, followed
by TiO,+FLG 0.5% mortar and TiO>+FLG 0.5% sonicated, which implies a higher crystalline domain size
in the hybrid nanocomposite TiO>-FLG 0.5%. Finally, EDX mapping (Figure S.10) of these two-physical
mixed photocatalysts has revealed a similar correlation between the quantity of Ti and C in these mixed
photocatalyst and the hybrid nanocomposites prepared by ball milling. Despite, some higher aggregates size
of FLG were observed.

The evolution of pesticides concentration and TOC is shown in Figures S.11 for these two TiO,+FLG 0,5%
(mortar and sonicated) physical mixed photocatalysts. In both cases, pesticides and TOC conversion rates
impressively slowed down (also see Table 3), demonstrating the lower photo-efficacy of these two-physical
mixed photocatalysts with respect to TiO,-FLG 0.5 % hybrid nanocomposite. It should be noted the lower
pesticides and TOC conversions were always found in the photocatalyst prepared from mortar mixing, even
lower than those of the hybrid nanocomposite without FLG, TiO>-FLG 0.0%. The higher band-gap value

(see Table S.1), could contribute to mismanage the photon flux leading to fewer photogenerated charges.
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cic,

Moreover, it can be also emphasized the very low Kpesiicides and kroc, obtained with both physical mixed

photocatalysts, especially in the case of mortar mixing photocatalyst, (see Table 4).

Table 4. Pseudo-first kinetic constants of pesticides and TOC pseudo- kinetic constants for TiO>+FLG 0.50 % mixed

photocatalysts and TiO»-FLG 0.50 % hybrid nanocomposite.

Pesticide TOC
Nanocomposites kIsoproturnn 1'2 kurimethanil 1'2 Kalachlor 1'2 kMethomyl l'z kroc 2
(min) (min™') (min') (min) (mg-L!-min™)
;1“102+FLG 0.50 0.0049  0.942 0.0074 0.966 [ 0.0063 0.917] 0.0035 0.998 0.0146 0.993
% - Mortar
;1“102+FI.4G 0.50 0.0059  0.946 0.0076 0.941 0.0041 0.994] 0.0046  0.987 0.0197 0.991
% - Sonicated
TiO:-FLG 0.50 %
Hybrid 0.0151  0.990 0.0132 0.999  0.0082 0.998] 0.0065 0.995 0.0237 0.995
nanocomposite

The long term photodegradation efficacy experiment run-up for 9 h was performed with the optimal hybrid

photocatalyst, TiO.-FLG 0.5 % (Figures 6). Where it can be seen all the studied pesticides were completely
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Figures 6. Photodegradation of the selected mixture of pesticides with the TiO,-FLG 0.5 % hybrid nanocomposite at

550 minutes of irradiation time: (A) Evolution of pesticides and TOC; and (B) Evolution of aromatic intermediates,

sulfates, nitrates, and chlorine anions from the photocatalytic degradation of pesticides.

removed at 350 minutes of irradiation time, and around 82 % of TOC conversion was achieved at 540

minutes of irradiation time. Moreover, three different trends can be distinguished in TOC evolution along

the photodegradation process. First, TOC evolution showed a steep slope until 350 minutes, where all

pesticides were completely removed. Then, TOC halted between 350 and 470 min probably due to the

presence of different refractory organic by-products generated during photocatalytic oxidation process,



responsible of the organic matter still present in the reaction medium. And finally, TOC reduction was again
addressed to reach remarkable 82% TOC removal.

On the other side, only two short-organic acids were detected, acetic and formic acid, as it can be seen in
Figure 6B, as final by-products before complete mineralization were achieved, together with some small
concentrations of nitrate, chlorine, and higher amounts of sulfate anions, generated from the photocatalytic
breakdown of these pesticides.

Finally, delving into the comprehension of the synergistic behavior between FLG and TiO, nanoparticles in
the hybrid photocatalysts, the role of surface graphitic carbon in the TOC conversion was studied. In Figure
7, C data calculated from C-XPS percentage (Table 1) and C-XPS deconvolution peak percentage at around
283.9 eV (Table 2), has been graphed vs. the corresponding TOC conversions at 300 minutes of irradiation
time. A percentage of graphitic carbon in surface around 1.9 % in the TiO,-FLG 0.5% hybrid nanocomposite
has led to the best photoefficiency in the degradation of the pesticides studied here. Moreover, worst TOC
values were arisen when C amount on the photocatalyst surface was increased, emphasizing the lowest TOC

removal found in the case of TiO,+FLG 0.5 % - mortar photocatalyst.

60 TiO,-FLG 0.5%
A
55|
50 |
o TiOx+FLG 0.5% - sonicated
S
*
O -
° 45 TiO»-FLG 0.1%
x TiO2-FLG 0.0% A TiO,-FLG 1.0%
a0/ - A
TiOp-FLG 0.25%
=2 ° TiO,+FLG 0.5% - mortar
35}

0.0 0.5 1.0 1.5 2.0 25 30 35 4.0

C-Grapheneg perficial (%)

Figure 7. Effect of graphitic carbon in surface (%) on TOC conversions at 300 minutes of irradiation time (A TiO»-

FLG hybrid nanocomposites; * TiO,+FLG 0.5% physical mixtures).

Therefore, from the obtained results can be assumed that the junction between titania nanoparticles and FLG

is more efficient in the case of hybrid nanocomposites than in the case of physical mixtures, even at the
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optimal FLG loading, where a detrimental effect on the pesticides photodegradation was always observed

respect to the TiO2-FLG 0.5 % hybrid nanocomposite.

4. Conclusions

A mechanochemical treatment has been proposed as new ecofriendly methodology to synthesize green
titania-graphene nanocomposites for their application in the photocatalytic degradation of a complex mixing
of pesticides, classified by EU as priority pollutants (isoproturon, pyrimethanil, alachlor and methomyl).
From XRD patterns all these photocatalysts have presented the same crystal structure with anatase as the
main crystalline phase (= 97.5 %) and brookite as secondary phase (= 2.5 %).

It can be concluded from EDX and XPS analysis that as the amount of FLG increased, the proportion of
titanium and oxygen decreased and the proportion of carbon increased, which indicates that FLG is mainly
deposited on the surface of the TiO, nanoparticles, wrapping them. Moreover, an interaction between the
graphene structure and the TiO, nanoparticles can be assumed by Raman spectra results, where it is possible
to observe a slight shift in the 2D and G peaks for all the different prepared TiO,-FLG hybrid nanocomposites
and a higher crystalline domain size for TiO,-FLG-0.5% nanocomposite, without any further annealing step.
The best photocatalytic performance in the degradation of pesticides was obtained by TiO.-FLG 0.5 %
hybrid nanocomposite, where all the pesticides were completely removed at 350 minutes, and around 82 %
of TOC conversion was achieved at 540 minutes of irradiation time.

Physical mixtures of TiO, nanoparticles and 0.5% FLG prepared by mortar or sonication exhibited worst
photoefficiency and lower TOC conversion, leading to deduce the existence of pairing synergy balanced
between 0.5%FLG and TiO., ball milling prepared, where probably the role played by FLG improved charge
separation, driving to long-lasting charges which enhance the final photoefficiency.

Whereas a percentage of graphitic carbon in surface around 1.9 % was obtained in the optimal TiO,-FLG
0.5 % nanocomposite, worst TOC values were arisen when C amount on the photocatalyst surface was
increased, emphasizing the lowest TOC removal found in the case of TiO,+FLG 0.5 % - mortar

photocatalyst.
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