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The photocatalytic degradation of different emergent contaminants in aqueous solutions has been studied by using
oligomer-coated TiO, nanoparticles under solar light irradiation. The oligomer was synthesized using methacrylic acid,
ethylene glycol diglycidyl ether and imidazole. The material was characterized by SEM, DLS, FT-IR and FT-Raman and UV-
Vis spectroscopy. The photocatalytic behavior on the model azo-dye Methyl Orange was analyzed in different conditions
(initial concentration and pH) and the kinetic parameters were described by using the Langmuir-Hinshelwood model. The
reuse and photocorrosion of the nanoparticles was studied up to seven operative cycles. The oligomer-coated
nanoparticles showed better performance than the uncoated ones due to an increment in absorption in the visible light
region. The charge transfer process would form electron / hole pairs (e- / h*) with the holes localized on the organic
ligands (most probably on imidazole residues from oligomers) and the electrons in the conduction band of TiO,.
Supernatant safety after the photocatalytic treatment was examined by the lettuce seeds assay and no toxicity was found.
The versatility of the material was studied by exposing it to different emergent contaminants (Ciprofloxacin, Trimethoprim
and Chloramphenicol).
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such as surface defects, crystallinity, morphology, pore distribution,
Introduction band gap energy and type and proportion of -OH groups at the
surface **°.

The raising use pharmaceuticals, personal care products and . .
It has been well demonstrated that when TiO, is irradiated,

endocrine disrupting compounds brings with it several
environmental issues, since they can persist in the environment
after their disposal ! These chemicals that had not been previously

electrons are promoted from the valence band to the conduction
band to give electron-hole pairs. The holes (h*) at the TiO, valence
band, can oxidize water or hydroxide to produce hydroxyl radicals

detected in water supplies (or were found in far lower . o
(OH"). The hydroxyl radical is a powerful oxidizing agent that

concentrations) and nowadays are discovered either in surface
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water or groundwater, are known as emerging contaminants >*.
Among the pharmaceutical products, many antibiotics, such as
ciprofloxacin, trimethoprim and chloramphenicol, had been
classified as emerging contaminants 4

Advanced oxidation technologies (AOT), including heterogeneous
photocatalytic degradation, have become attractive remediation
technologies for wastewater treatment. Since TiO, nanoparticles
(TiO, NP) are relatively inexpensive and highly effective, they are
one of the most commonly found photocatalysts in the literature 5,
They have received much attention in the degradation and
mineralization of environmental contaminants °®. Their catalytic
activity is expected to be improved not only because of their high
surface area, but also because of changes in surface properties,
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attacks organic compounds to form intermediates and/or final
products. The intermediates can also react with OH® to produce
final products "

One of the limiting points in the expansion and application of
heterogeneous photocatalysis developments is that the
nanoparticles of TiO, (TiO, NP) undergo more efficient activation
when irradiated by UV (A<388 nm) than visible light, due to the
wide band gap energy. This imply that less than 5 % of the incident
solar light can be used in the oxidation process.12 Aiming to
overcome this drawback, various modification methods have been
studied to enhance the photocatalytic activity and performance of
TiO, under solar-light irradiation.

The electronic band gap of TiO, can be modified by N-doping,
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creating intermediate levels between valence band and conduction
band . The electrons injected into the TiO, conduction band can
also reduce the 0, to the superoxide anion (0,°”). The holes formed
from transition (h*) react with OH™ to produce OH®, the reactive
species responsible for dyes degradation under visible light
irradiation.®®

In a completely different approach, in order to achieve visible light
sensitization, dyes or small sensitizing molecules are adsorbed on
previously prepared TiO, crystalline NPs.™ small organic molecules
(carboxylic acids, phenols) adsorbed on the oxide surface form a
charge transfer complex that absorbs in the visible region at a lower
energy than either the chelating molecules or the oxide particles. In
this case, direct injection of an electron from the ground state of
the molecule into the conduction band of the oxide occurs without
involvement of any excited molecular state. 8
The N-heterocycle is particularly reactive and can be converted to
radical cation stabilized by resonance. Dogan et al oxidized 1-
methylimidazole to a radical cation which could react with OH® or
with OH™ at high pH values."”

The aim of this work was to develop a TiO, NP coating which
enhanced the absorbance in the visible light region, in order to use
sunlight as a more efficient light source. It was based on a
synthesized oligomer composed by methacrylic acid (MAA), the
diepoxide ethylenglycol diglycidyl ether (EGDE) and imidazole (IM),
named (EGDE-IM-co-MAA) oligomers. The coated TiO, NPs
described were deeply characterized, and the photocatalytic
performance on an azo-dye decomposition was evaluated and
compared with uncoated NPs. The versatility of the photocatalytic
behavior was studied using the emerging contaminants
chloramphenicol, ciprofloxacin and trimethoprim.

Experimental

Materials. Ethylene glycol diglycidyl ether (EGDE; 50 wt% in
ethylene glycol dimethyl ether; MW: 174.197; 12.1% oxirane
oxygen; SW: 1.1891) was purchased from TCl America. Imidazole
(IM; 99 wt%; MW: 68.077) and methacrylic acid (MAA; 99 wt%;
MW: 86.09; SW: 1.015) were purchased from Sigma—Aldrich.
Benzoyl peroxide was obtained from Fluka. Acetonitrile from Baxter
was of HPLC grade. TiO, NP (AEROXIDE TiO, P25, Evonik) were
kindly donated by Evonik Degussa Argentina SA. 5,5-dimethyl-1-
pyrroline-N oxide (DMPO) was purchased from Sigma-Aldrich.
Methyl Orange (MO) was from Santa Cruz Biotechnology, Inc.
Ciprofloxacin, trimethoprim and chloramphenicol were acquired in
Saporiti (Argentina).

Synthesis of (EGDE-IM-co-MAA) oligomers and TiO, NP coating.
The (EGDE-IM-co-MAA) oligomers were synthesized in agreement
with previously published work.?® In order to prepare the coated
NP, 250 mg of TiO, NP where exposed to a 0.1 N NaOH solution for
30 min. After that time, the NP were washed three times with
deionized water. Then, the NP were left in contact with a 25 mg mL
! oligomer aqueous solution for 18 h. Afterwards, the NP were
rinsed three times with water and dried at 37 °C.

FTIR and Raman spectroscopy. Attenuated total reflectance Fourier
Transform Infra Red (ATR-FTIR) spectra (diamond attenuated total
reflectance) of uncoated and coated NP, before and after the
photocatalysis assay, were recorded using a Nicolet iS50 Advanced
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Spectrometer (Thermo Scientific). ATR-FTIR spectra were recorded
with 32 scans and a resolution of 1 cm™. FT-Raman spectra of
uncoated and coated NP, before and after the photocatalysis assay,
were acquired with an excitation laser beam of 1064 nm, 0.5 W
laser power, resolution of 4 cm™, 500 scans. All samples were
previously dried for 24 h at 60 2C to avoid the interference of water
related bands.

Microscopical characterization. Scanning Electron Microscopy
(SEM) images of dried and gold coated samples were taken using a
Quanta FEG 250 microscope.

Dynamic Light Scattering. The uncoated and coated NP were
analyzed by Dynamic Light Scattering (DLS, Zetasizer Nano-Zs,
Malvern Instruments, Worcestershire, UK).

Electron spin resonance (ESR). The coated and uncoated NP were
placed in a vial with distilled water, left in agitation for 30 min in the
darkness and then exposed to solar-light for 30 min. At this
moment, an aliquot of 32 pL of supernatant was mixed with 16 pL
of 3 M DMPO (spin trap), and the continuous wave (CW) ESR
spectra of the DMPO spin adducts were recorded at 20 °C, 8 min
after the end of incubation, in the X-band ESR spectrometer Bruker
EMX plus (Bruker Instruments, Inc., Berlin, Germany).

The spectrometer settings were: center field: 3515 G, sweep width:
100 G, microwave power: 10 mW, microwave frequency: 9.85 GHz,
conversion time: 2.56 ms, time constant: 2.56 ms, modulation
frequency: 50 kHz, modulation amplitude: 0.11 G, gain: 2.00><104,
resolution: 1024 points. All spectra were the accumulation of 20
scans.

Optical absorption spectra. UV-Vis absorption spectra of uncoated
and coated TiO, nanoparticles suspensions were collected on an
Evolution Array UV-visible Spectrophotometer Thermo Scientific
spectrophotometer from 200 to 600 nm.?

Point of zero charge (PZC). Each initial solution consisted in ten
milliliters of 0.01 M NaCl that had been boiled to remove dissolved
CO, and then cooled to room temperature. The pH was adjusted to
a value between 4 and 8 using 0.1 M HCl or 0.1 M NaOH and their
pH was recorded (initial pH). Then, 10 mg of coated and uncoated
NPs were immersed in each solution and the drift in the pH after 48
h was measured. Since the addition of a solid into a solution (with a
particular pH) induces a shift in the pH in the direction of the PZC,
then the pH at which the addition of the sample did not induce a
shift in the pH was taken as the PZC.

Photocatalytic Experiments. The photocatalytic activities were
evaluated by the decomposition of the azo dye Methyl Orange
(MO) as a model drug under solar light in Buenos Aires city from
January to April. Aqueous solutions of MO (50 mL, 0.0121-0.0595
mg L'l) were placed in a vessel, and 10 + 2 mg of uncoated or
coated NP was added. Prior to irradiation, the suspensions were
magnetically stirred in the dark for about 30 min. The suspensions
were kept under constant air-equilibrated conditions before and
during illumination. At certain time intervals, aliquots were sampled
and centrifuged to remove particles. The supernatants were
analyzed by recording the UV-vis spectra and monitoring variations
in the maximum band (463 nm). This assay was conducted in
different conditions in order to evaluate the NP performance.
Different concentrations of MO, interaction times and values of pH
(4.0, 5.5, 7.0 and 8.5) were evaluated and the reused material was
also tested in order to evaluate photocorrosion (interaction time 1
h). A control with a vessel containing only the oligomer solution was
also performed.

The versatility of the photocatalytic activity was studied by exposing
the samples to 0.2 M solutions of chloramphenicol, trimethoprim
and ciprofloxacin. The photodegradation of the drugs was studied

This journal is © The Royal Society of Chemistry 20xx
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by exposing the antibiotics solutions to sunlight during 1 h. The
same experiment was conducted in dark conditions as a control.
MO adsorption in dark conditions. In order to evaluate if the
material adsorbed the dye in its surface, 10 + 2 mg of uncoated or
coated NP were left in contact with a 0.0272 mg L™ MO solution for
48 h in the dark. After that time, the supernatant was centrifuged
to remove the particles and analyzed by recording variations in the
maximum  absorption band (463 nm) wusing a UV-Vis
Spectrophotometer.

Short-term toxicity screening of hazardous-waste sites. This assay
was performed in order to analyze the toxicity of the treated
solutions after the photocatalytic process. Residual water after MO
photocatalytic degradation with coated and uncoated NP was
evaluated. Distilled water was used as a control. The test was
performed as follows: a piece of filter paper was placed in a petri
dish and 40 lettuce seeds were evenly distributed over the paper
and were covered with another piece of filter paper. The tested
solutions were poured in the Petri dishes, covered and stored in a
dark and undisturbed environment for one week to let the seeds
germinate. After that time, the number of germinated seeds in each
Petri dish was counted %,

Photoluminescence. The fluorescence spectrophotometer (Perkin
Elmer) was used to record the PL spectra with an excitation
wavelength of 320 nm.

Total Organic Content (TOC). The Total Organic Content was
analyzed using an Analytical technologies TOC-1030C analyzer.
Statistics. All quantitative results were obtained from triplicate
samples. Data were expressed as means + SD. Statistical analysis
was carried out using a One-way ANOVA test and a Bonferroni post
test. A value of p < 0.05 was considered to be statistically
significant.

Results and discussion

FTIR and FT-Raman spectroscopy. In the uncoated NP FT-IR
spectrum (Figure S1) the characteristic TiO, NP bands could be
found. It could be seen peaks corresponding to stretching vibrations
of the O-H and bending vibrations of the adsorbed water molecules
at 3422 cm™ and 1645 cm™, respectively. The broad band at 1351
cm™ was due to Ti-O-Ti vibrations ***. On the other the hand, in
the coated NP sample, a different spectrum could be observed
(Figure S1 and S2). Although the band corresponding to the O-H
stretching vibrations was also present, other bands corresponding
to the oligomer coating could be found, such as the bands at 2932
and 2878 cm ™ from the vibration of CH3 and CH,, at 1715 em™ from
C=0 symmetric stretching of carboxylic groups, at 1573 em™ from
C=C and/or C=N stretching and to the asymmetric stretching of
carboxylate from MAA, at 1287 cm™ from BICH, at 1234 cm™ from
CN and CH, and at 1100 cm™ from C-0-C >
that the coating process was successful.

. These results showed

The splitting between the asymmetric and symmetric stretching of
C=0 bands of the carboxylate groups present in the coated NP
spectrum can indicate the existence of bidentate interaction in
complexes, if the gap between peaks lies between 50-150 em® 8,
The TiO,-acetylacetonate hybrid material reported by Sannino et a/
was a polymeric network of titanium oxoclusters, on the surface of
which part of the Ti** ions were involved in a strong complexation
with acetylacetonate ligands, with a peak gap of 147 em™. Here in

This journal is © The Royal Society of Chemistry 20xx

the case of coated NP, the mentioned gap was of 142 em™,
evidencing an interaction between Ti(lV) from TiO, NP and the
(EGDE-IM-co-MAA) oligomers.

The FT- Raman spectra can be observed in Figure S3. The bands at
157, 202, 406, 520, and 647 cm™ were observed. These bands were
assigned to the anatase phase, and they can be attributed to the
five Raman-active modes of anatase phase with the symmetries of
Eg, Eg, Big, A1g, and Eg, respectively %, The presence of a broad band
between 3050 and 2800 cm™ in the coated NP spectrum
corresponded to C-H motives, which confirmed the presence of
(EGDE-IM-co-MAA) oligomers in the coating.

Microscopical characterization. Figure S4 shows the SEM images of
uncoated and coated NP. The average size of uncoated NP was 83.7
+15.9 nm and in the case of coated NP it was 89.5 + 16.6 nm. As it
can be seen, the difference in size and aspect between them was
negligible. However, the inspection of the whole samples showed
that the coated NP were more agglomerated than uncoated ones.
This could be directly related with the functionalities of the (EGDE-
IM-co-MAA) oligomers. These hydrophilic molecules bear carboxylic
groups from MAA, together with positive residues such as
protonated imidazole units (IMH'). These oppositely charged
residues attached to a flexible network forming a layer on NP
surface could be oriented in the best way to minimize the surface
energy, enhancing the electrostatic interaction between particles.
Besides, -OH groups resulting from epoxide opening on EGDE
molecules could form H-bonds that reinforce the association and
particles aggregation.

Dynamic Light Scattering and Zeta potential analysis. The zeta
potential values obtained in this experiment provided evidence for
the efficacy of the NP coating. The zeta potential value at pH 7.0 of
uncoated NP was -15.00 + 0.86 mV and in the case of coated NP it
was -7.97 + 0.31 mV. The shift of zeta potential at pH 7.0 as a result
of coating can be explained by considering the nature of the (EGDE-
IM-co-MAA) The
heterogeneous mixture of molecules: some with prevalence of MAA
chains, others with prevalence of (EGDE-IM) adducts. In the last

oligomers. bulk oligomer solution is a

case, two types of IM residues can be present: N-monosubstituted
imidazole units either neutral (IM) or protonated (IMH"); and N,N-
disubstituted imidazole units, bearing permanent positive charge
(|M+).20 Thus, when oligomers from bulk solution interacted with
the negatively charged NP, those molecules with prevalence of IM"
and /or IMH" residues were electrostatically attracted by the
negative surface and were expected to neutralize in some extent
the surface charge. This could be the reason for the less negative
zeta potential of coated NP.” The oligomers adsorbed on NP would
present most of their IM*/IMH" groups oriented towards the
negative surface of NP, and any —CO, group from MAA oriented
towards the solution.

The hydrodynamic diameter obtained by DLS was 186.6 + 8.0 nm
for uncoated NP and 1133.0 + 78.8 nm for coated NP. These results
were in contrast with those observed in the SEM images where the
coated NP and uncoated NP showed a similar size. The difference
between these two assays could have been due to the low

J. Name., 2013, 00, 1-3 | 3


http://dx.doi.org/10.1039/c8nj02332h

Published on 10 August 2018. Downloaded by University of Cambridge on 8/10/2018 2:54:58 PM.

New Journal of Chemistry

dispersibility of TiO, and the agglomeration experienced by the
coated NP proving that the oligomer coating was present.

Solar-light effect on photocatalytic experiments. Adsorption
experiments in dark condition were carried out for MO. For this
dye, the loading on the uncoated and coated NP was negligible,
indicating that the adsorption process could not be detected by this

\ |

Uncoated TiO,

—— Coated TiO,
—— Oligomer suspension,

Absorbance

T T ¥ T T T T 1
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 1. Optical absorption spectra of oligomers and uncoated and
coated NP.

experiment. Figure 1 shows the absorption spectra of the coated
and uncoated NP and the oligomers. As it was expected the
uncoated NP and the oligomers adsorption bands were in the UV
region. However,

in the coated NP spectrum, a wider absorption band was found
extending up to the visible region.

The photoluminescence (PL) emission spectra were used to
compare the recombination rate of photo-excited electron/hole
pairs in the semiconductor materials. The results shown in Figure S5
exhibit similar excitonic PL emission bands for the coated and
uncoated NP samples, indicating that the oligomers adsorbed on
TiO2 NP did not generate any new emission peaks on the PL
spectra.’’

Besides, the PL emission intensity did not decrease upon NP coating
with oligomers, meaning that the charge separation efficiency of
the photo-excited e-/h+ pairs was not affected by the surface
modifier and the e-/h+ recombination process was not altered.
These results indicate that the enhancement in photocatalytic
efficiency upon TiO2 coating would not be based on TiO2 bandgap
energy narrowing.

Bringing together UV-visible and PL comparative behaviour of
coated and uncoated TiO2, an alternative method of visible light
activation of wide bandgap semiconductors must be considered for
coated NP samples. This process, referred as the ligand-to-metal
charge transfer (LMCT), is the sensitization by surface adsorbates
that do not absorb visible light by themselves: the charge transfer
induced by visible light occurs from the HOMO of adsorbates to the
conduction band (CB) of TiO2. 16,30

The oxidized adsorbate could be the radical cation of the N-
heterocycle from the oligomers (stabilized by resonance), which
could be regenerated by the recombination with the photoexcited
electron (back electron transfer) or by reacting with suitable

4| J. Name., 2012, 00, 1-3
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electron donors available in the medium.® Hydroxyl groups from
the oligomer chain could also induce visible light photocatalytic
activities. The HOMO level of the adsorbate relative to the CB edge
is then a crucial factor in determining the visible light absorption in
such LMCT complexes.

Effect of pH. The % decoloration of MO solution by the coated and
uncoated NP as a function of media pH is shown in Figure 2. As it
can be observed, the % decoloration decreased as the pH raised in
both materials. The differences between coated and uncoated NP

Uncoated NP
Coated NP

Degradation (%)

Figure 2. MO decoloration as a function of media pH

significant at every tested pH (p<0.05). The pH influence in the
photocatalytic degradation process has multiple roles. First of all,
the pH influences the ionization state of the catalyst surface. The
point of zero charge of the uncoated TiO, is at pH 6.78 and is 6.30
for the coated TiO, (Figure S5). Thus, at lower values of pH, the TiO,
surface presents a positive charge density and at higher values it is
negatively charged. Since one of the most important steps in the
photocatalysis process is the dye attraction to the catalyst surface,
the analysis of this effect is relevant. At low pH the MO, negatively
charged in the assayed pH range, is attracted to the surface by the
positive charges, hence, the photocatalytic degradation process is
more effective. At a pH higher than 6.8, as dye molecules are also
negatively charged in alkaline media, their interaction is also
expected to be affected by an increase in the density of TiO™ groups
on the semiconductor surface. Previous studies also showed that
the degradation rate of some azo dyes, such as MO, increased in an
acidic media.>** Moreover, both coated and uncoated NP were
better photocatalysts in acid media provably because the free
radicals released from h* on TiO, particles were more reactive at
low pH values. At high pH values the hydroxyl radicals are rapidly
scavenged which diminishes the probability to react with dyes.34
Effect of the initial dye concentration. Initial concentrations of MO
were varied in the range of 0.0121-0.0595 mg L™ and the results
were exposed in Figure 3. As it could be observed, the %
decoloration decreased with increasing initial concentration of the
dye solution, specially at longer interaction times. This effect may
be due to photon absorption by the dye in the more concentrated
solutions before they reach the catalyst surface.”

When the initial concentration was low, and at short interaction
times, the differences in % decoloration between coated and
uncoated NP was evident. However, at 60 and 90 min of

This journal is © The Royal Society of Chemistry 20xx
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interaction, the difference in % decoloration between coated and
uncoated NP was not significant (p>0.05). Meanwhile when the
concentration was 0.0595 mg L™, the difference between them was
significant (p<0.01), even at longer times.

Kinetics. The Langmuir-Hinshelwood (L—H) kinetics model is often

The obtained parameters (Table 1) showed that the kg, and
consequently, the reaction rate, are influenced by the initial
concentration of the dye. In all cases k,,, was higher for the coated
NP than for the uncoated, which is indicative of an enhanced
photocatalytic activity. This is also evidenced from the comparison

used to describe the photocatalytic degradation of dyes (Eq,l).11’357 of the k,,, values progression against the initial concentration of the

37 dye. In the case of the uncoated NP, this value diminished when the

— a¢ _ kKC (1) dye concentration raised, probably due to a decay in the
dt ~ 14KC

penetration of light in the solution. When the coated NP were

i studied, the k,, for the two lowest concentration was similar and in

10 the highest dye concentration, it diminished. Probably, due to the

{ enhanced
j —e—uncoated NP
| —=—coated NP

@
=]

Table 1. Langmuir—Hinshelwood model parameters

decoloration(%)
3

40

Co Uncoated NPs Coated NPs Kapp ratio
(mg.Lh) Kapp (s Kapp (s (coated/un-
2 199 coated)
QO 2 2 2
& (1.21+0.02) x10 (3.8+0.5)x10 (4.7 +0.4) x10 1.25
(2.72£0.03)x10%  (2.57 +0.09)x10> (5.3 +0.2)x102 2.05
(5.95 +0.01) x10®  (0.91 +0.05) x10™ (1.6 £0.1) x102 1.78
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Figure 3. Decoloration of MO solutions photocatalyzed by coated
or uncoated NP. Effect of initial dye concentration and time on %
decoloration.

where r is the degradation rate of the reactant (mg Lt min'l), C the
dye concentration (mg L™, t the illumination time, k the reaction
rate constant (mg L* min'l), and K is the adsorption coefficient of
the reactant (L mg'l).

If the initial dye concentration C, is a millimolar solution the
equation can be simplified to an apparent first-order equation (Eq
2):

< = kKt = Kypp t (2)

The graphic of In C,/C versus time represents a linear function
which slope is the apparent first-order rate constant kg,.

Usually, first-order kinetics are appropriate for the description of
studies performed at low concentrations of dyes and many studies
were reasonably well fitted by this kinetic model %42 The L-H
model was designed to explain the dependence of the reaction rate
with the initial dye concentration. The L-H expressions are useful to
describe the photocatalysis in any of the following four situations:
(a) the reaction occurs when both the radicals and the dye are
adsorbed to the surface, (b) the reaction takes place between a
radical attached to the surface and the dye molecule is in the
solution, (c) the reaction happen when the dye molecule is linked to
the catalyst and the radical is in the solution and (d) the reaction
occurs when

both species are in solution. In all the situations, the rate equation
is similar to that derived from the L-H model, which has been useful
to describe the process, although it is not possible to find out
whether the process occurs on the surface in the solution or at the

. 32
interface.

This journal is © The Royal Society of Chemistry 20xx

3470 3500 3530 3560
Magnetic field (Gauss)

Figure 4. ESR spectra of supernatants of photocatalytic activation of

NP systems in the presence of DMPO (A); identified adducts:

quatriplet (*) and triplet (x). The spectra of the same systems in

dark conditions (B). Black line: coated TiO, NP; grey line: uncoated

TiO, NP.

photocatalytic activity of the coated NPs the effect of light
penetration decrease at high MO concentration was attenuated by
a higher rate of degradation. Figure 3 and Table 1 show that the
photocatalytic efficiency of coated NP was particularly relevant at
high MO concentrations, where the uncoated NP presented poor
activity.

ESR experiments. Even if the catalytic mechanism described in
Introduction section refers to adsorbed OH®, both the uncoated NP
and the coated NP systems in water exposed to solar light released

J. Name., 2013, 00, 1-3 | §
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free radicals.”® Most of these reactive species would stay attached
to the catalyst surface, but some molecules would diffuse into the
solution, being detected by spin trapping experiments with DMPO
(Figure 4). For the supernatants of both coated and uncoated NP,
similar spectra were observed. The simulation and fits of the
experimental data allowed establishing the presence of DMPO/OH,
a 1:2:2:1 quatriplet corresponding to the adduct formed by the
hydroxyl radical (OH®) with the spin trap. The hyperfine coupling
constants were: aN 14.5 G (spin: 1), and aHg 14.5 G (spin: %). An
interfering signal arisen from DMPO/OH degradation product was
also detected as a triplet due to coupling with N nucleus.” In the
absence of light, the signal of free radicals in the supernatants was
practically negligible (Figure 4).
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Figure 5. % Decoloration respect to the first cycle.
since the radical produced by both coated and uncoated NP was the
same.

The ESR signal was more intense for uncoated NP photocatalytic
system. These results indirectly suggest that the OH® generated
from h* under light exposure would bind stronger to the
photocatalytic surface coated with oligomers than to the uncoated
TiO, particles. If the —IM residues were converted to radical cations
by charge transference, the OH® would form adducts with them.*®
Otherwise, the free radicals could stay adsorbed by weak
interactions with the multiple hydrophilic functional groups of the
oligomers. Taking into account that the MO molecules would be
attracted by coated NP by means of IM*/IMH’, that OH® would bind
stronger on coated NP, and

that kg, was higher for coated NP systems, the higher efficiency of
coated NP seems to be related to the proximity of both OH® and
MO in the heterogeneous photocatalytic system.

Intermediates and Toxicity. The completeness of the mineralization
and the toxicity of the product was evaluated. According TOC
results the mineralization was not complete, only a 18% of the MO
was degraded with uncoated and coated NP. However, the toxicity
assay established that the water treated with these NPs was not
toxic. The percentage of seed growth was similar in distilled water
(42%) and in the residual water from MO photocatalytic treatment
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with uncoated NP (50%) and coated NP (50%). These results
showed that there was no generation of toxic compounds in any of
the conditions tested.

Efficiency of the recycled catalyst. Photocatalysis is a clean
technology, which normally does not involve any waste disposal
problem. Furthermore, the catalysts generally can be recycled. In
order to create an affordable material, it is essential that it can be
used multiple operative cycles without sacrificing its efficiency and
that the type of regeneration required does not imply an expensive
process.

These materials were tested several times in order to evaluate if
they undergo photocorrosion. As it is shown in Figure 5, the values
of % decoloration between the cycle number were not significantly
different (p>0.05). These results led us to conclude that the
photocorrosion was negligible.
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Figure 6. Photodegraded analyte after sunlight exposure. (CPX:
ciprofloxacin, TRI: Trimethoprim and CHLO: Chloramphenicol).

Consequently, the use of these reusable coated NP may be
considered as a cost-effective wastewater treatment since reuse
diminishes the material costs and the photocatalytic source is solar-
light. Besides, regeneration process implies a simple washing step
and the agglomeration observed in coated NP promotes the
sedimentation and easier removal from the aqueous media.

Versatility of the photocatalyst. The photocatalysis of the
emergent contaminants ciprofloxacin, tocopherol and
chloramphenicol was studied (Figure 6). In all the cases the
photocatalysis of the pollutants was efficient. The differences
between treated and untreated samples were significant for
ciprofloxacin and tocopherol. Nevertheless, the concentration
decreased in all the cases, showing that this material is useful for
water treatment. Adsorption experiments in dark conditions
showed that no adsorption occurred during 1 h of contact.

Photoluminescence (PL). Since the line shapes in the PL spectra
from the samples are very similar (FigureS6), it can be concluded
that the electronic state distributions of uncoated and coated NPs
are similar within the band gap.

Conclusions

In this study an oligomer-based coating for TiO, nanoparticles
was developed. This coating demonstrated to enhance the
photocatalytic activity under solar light of the NP TiO, due to
an enlargement of the absorption band into the visible range.

This journal is © The Royal Society of Chemistry 20xx
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The evidence indicates that the mechanism involved in the
activation enhancement of the wide-bandgap semiconductor
by solar light is the ligand-to-metal charge transfer (LMCT), a
sensitization by surface adsorbates that do not absorb visible
light by themselves.

The charge transfer induced by visible light would occur from
the HOMO of oligomers to the conduction band (CB) of TiO2.
In addition, the OH® generated from h” would bind stronger to the
photocatalytic surface coated with oligomers than to the uncoated
TiO, particles. The proximity of both OH® and the dye MO on the
particle surface would contribute to the higher efficiency in
decolorization process.

The possibility of reusing this material makes the herein
presented a cost-effective system for wastewater treatment.
This material was tested against three emergent contaminants
proving its efficacy. The main goal of this study is the
generation of a new systems for water remediation of this
type of pollutants without generating additional waste as in
adsorption systems.
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